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PREFACE TO THIRD EDITION 


In this edition a few changes have been made which it is hoped are 
improvements of method or argument. These are not very extensive, 
and they have been worked in so as to alter the rest of the text as little 
as possible. Among these changes the most important are Arts. 270 
to 272 on the rates of change of a vector and the application of this to 
velocities and accelerations. This method has the advantage of 
bringing under one set of rules a number of processes which appeared 
all different in the earlier editions. Another change, closely connected 
with the one just mentioned, is the representation in Chapter XXIII 
of the momentum of a rigid body by means of a vector acting in a 
definite line, together with a momentum-couple. The introduction of 
the momentum-couple enables us to apply the same operations to 
momentum as we had already applied to forces in Chapter III. 

The rest of the changes are very small alterations or additions. 


Jun$, 1929. 


John pREScoxt* 



FROM THE PREFACE TO THE SECOND 

EDITION 

The object of the present book is to supply a text-book on statics and 
dynamics suitable for students taking these subjects up to the standard 
of a pass degree at a British university. The author's intercourse 
throughout several years with students and teachers of engineering in 
a technological college has resulted in giving a utilitarian bias to the 
book; but this, I hope, will be accounted a virtue, for mechanics is 
surely a utilitarian subject. 

An attempt has been made to supply the answer to every question 
set at the ends of the chapters when the answer is not implied in the 
form of the question. For the labour of verifying most of these answers 
and correcting many of them, I am greatly indebted to Mr. Louis 
Toft, M.Sc. 

This edition is a reprint of the first edition with just a few small 
corrections, and the alteration in two questions of the given speeds of 
aeroplanes to something like the speeds attained at the present day. 

John Prescott. 

fattuary ^ 1923 
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MECHANICS OF PARTICLES 
AND RIGID BODIES 

CHAPTER I 

PRELIMINARY 

$ 

1 . The subject of mechanics is motion and the causes of motion. 
Sometimes we are concerned with motion alone, and sometimes with 
the causes alone. The cause of motion is force. Mechanics deals also 
with forces which mutually annul each other when they act on a rigid 
body. That part of the subject which deals with forces which mutually 
balance, and therefore cause no motion, is called Statics, The part 
which deals with forces causing motion is called Dynamics. The part 
which deals with motion alone and takes no account of its cause is 
regarded as a branch of d3mamics, and is called Kinematics. 

At the beginning of the subject it is necessary to give a few definitions 
of terms which are in common use, but to which precise meanings must 
now be attached. 

2. Definitions. 

Matter is something we shall not try to define. 

A Body is a portion of matter bounded by a closed surface. 

The Mass of a body is the quantity of matter composing the body. 

It will be shown later how the masses of bodies of different substances 
are compared. It is easy to understand what is meant by equal masses 
of the same substance, but without some convention in addition to the 
preceding definitions there is no means of determining what is meant by 
equal masses of different substances. It is shown in Art. 47 that 
Newton’s laws of motion (which are the postulates of mechanics) imply 
a definition of equal masses. 

A Particle is a body of infinitely small dimensions; or, a mathe¬ 
matical point endowed with mass. The particle, as defined here, does 
not really exist; for there can be only an infinitely small mass in an 
infinitely small space. But it is a convenient mathematical fiction which 
simplifies mechanical reasoning. Any finite body is regarded as composed 
of particles with infinitely small masses. 

Displacement .—If a particle is, at one instant, at a point A, and, at a 
later instant, at a point B, its displacement in the interval is the distance 
AB in the direction from A to B. 

n 
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The Velocity of a particle is the rate of increase of its displacement 
Since velocity is displacement in unit time, it has, like displacement, a 
direction as well as magnitude. 

Force, — That which changes the motion of a body from uniform 
motion in a straight line, or which sets a body in motion, is called a 
force. 

There are forces which do not seem to be embraced in the preceding 
definition. The physical action which we call a force may exist, but 
no motion may ensue, because its effect is exactly counterbalanced by 
other forces. We may, however, consider, even in this case, that each 
force is actually producing its own motion independently of all the other 
forces, provided that the displacements produced by the several forces 
are added by the rule shortly to be given. 

» The Acceleration of a particle is the rate of increase of its velocity. 

A negative acceleration is often called 2^ Retardation or a Deceleration^ 

Rest. —If a particle occupies the same point in space during any 
finite interval of time, it is said to be at rest during that interval. 

In reality we can never tell when a particle is at rest. Rest and 
motion are only relative terms. When we say a particle is at rest, we mean 
that it has no velocity relative to some body which we consider fixed in 
space. But in order to be sure that a body is fixed in space we should 
have to be able to distinguish between similar portions of space. We 
can, in fact, only perceive the differences in the motions of bodies, and 
it is with these differences that mechanics is really concerned. 

The Angular Velocity of a line moving in one plane is the rate of 
increase, in radians per second usually, of the angle which the line 
makes with some fixed line in the plane. 

The angular velocity of a rigid body about a fixed axis is the rate of 
increase of the angle which any plane, containing the axis and fixed in 
the body, makes with a plane also containing the axis and fixed in space. 

3 . Units.—The units of length and time used in this book will be a 
foot and a second respectively, unless other units are specially mentioned. 
The unit of mass will generally be a pound, which is the mass of a piece 
of platinum preserved by the British Government as a standard. 

4 . Vectors.—A quantity which cannot be completely determined, 
without fixing a direction as well as a magnitude, is called a vector 
quantity. The displacement of a particle, which is the quantity indicating 
the distance of the particle from some point of reference, is a vector, 
since both a magnitude (namely, the length of line joining the point of 
reference to the particle) and a direction are needed for its complete 
specification. Similarly, velocity and acceleration are vector quantities. 

6 . A vector quantity can be completely represented by a line. A 
vector such as a displacement or a force is, moreover, only correctly 
represented by a particular line. A vector of another kind, such as a 
couple, can be represented equally well by any line equal and parallel 
to a given line. Two vectors of the first kind are equal only when they 
are represented by equal vectors in the same line, whereas two vectors 
of the second kind are equal when they are represented by equal and 
parallel lines. Since most of the important properties of vectors are 
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common tp both kinds^ we shall assume, for the present, that two vectors 
are equal if they are represented by equal and parallel lines. 

6. Quantities which do not depend on direction, and which are 
completely specified by magnitude only, are called scalar quantities^ or 
simply scalars. Time, for example, is a scalar quantity. All non- 
geometrical quantities are in fact scalars, for it is clear that a vector is a 
quantity which depends on space. 

7 . Since displacements are the simplest vectors, we shall prove the 
important properties of the displacement-vector, and then show that all 
vectors which are added by the parallelogram rule given in Art. 9 will 
be subject to the same laws as displacements. 

8. Since the displacement from B to A will just annul the dis¬ 
placement from A to B, we have to distinguish between two displace¬ 
ments which are represented by the same line. Many writers use the 
word “ sense" to distinguish between two such displacements. The 
displacements A to B and B to A are considered by them to be in the 
same direction but in opposite senses. But in this book we shall, as a 
rule, use the word “ directionto include sense. When we speak of 
the direction AB we mean from A to B, and the direction BA shall 
mean from B to A. 

9 . If a particle receives, successively, displacements represented 
by OA and OB, then the final position is the same as if it had 
received the displacement represented by the diagonal OC of the 
parallelogram OACB. 

If the particle is first displaced from O to A, and then from A to C, 
its final position is C, Now the displacement AC can be represented 
by OB. Hence the dis¬ 
placement OC is equivalent B_ C 

to the two displacements 

OA and OB, since the final y/ ^ 

position is the same in both X ^ 

cases. 

10 . It is evident that y _y 

the order in which these 0 A 

displacements are given is i. 

immaterial, the final posi¬ 
tion being the same whether the particle is first displaced from O to A 
and then from A to C, or first from O to B and then from B to C. 
The displacement OC is called the 
resultant of the displacements OA 
and OB. 

11 . Even when the particle re¬ 
ceives the displacements OA, OB 
simultaneously, it will arrive ulti¬ 
mately at the position C. We can 
imagine a particle, P, to be receiv¬ 
ing simultaneous displacements in 
the following way. Suppose the particle is moving along a rod XY 
which starts from the position OA and moves to the position BC* so that 



Fig. 2, 
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in every position the rod is parallel to OA. If the particle arrives at Y 
when the rod arrives at the position BC, the particle will have received 
the two displacements XY (or OA) and OB simultaneously. Thus, 
however the displacements are given to the particle, the displacement 
OC is the resultant of the two displacements OA and OB. 

12 , The theorem of the preceding paragraph can be put in a different 
form, which is often more convenient to use. Since the displacement 
OB is equal to the displacement AC, we see that OC is the resultant of 
OA and AC. That is, the resultant of the displacements represented 
by the sides OA and AC of any triangle is represented by the third side 
OC, the direction of this resultant round the triangle being opposite to 
the directions of the other two. 

13. If a particle receives displacements represented by the sides 
of an unclosed polygon, not necessarily confined to one plane, the 

directions of the displacements all 
leading in the same way round the 
figure, then the resultant displace¬ 
ment is given by the line joining the 
beginning of the first to the end of 
the last side of the polygon. 

This is self-evident from a figure. 
If a particle receives successively the 
displacements AB, BC, Cl), DE, the 
effect is just the same as if it had 
been displaced from A to E. If the 
displacements are simultaneous, we 
can use the result proved for two 
simultaneous displacements to show that the resultant is just the 
same. For 

the resultant of AB and BC is AC; 
and the resultant of AC and CD is AD ; 

«>, the resultant of AB, BC, and CI>is AD ; 
again, the resultant of AD and DE is AE; 
thus the resultant of AB, BC, CD, and DE is AE, 

VVe get a particular case of the preceding theorem when the polygon is 
a closed one, E and A coinciding. Then the 
resultant displacement is zero. 

14 . It will be noticed that the addition of dis¬ 
placements is a different kind of addition from that 
of ordinary algebra; for in algebra we are concerned 
only with the magnitudes of quantities, while in the 
case of displacements the direction of the quantities 
to be added affects the result. Thus, in the right- 
angled triangle ABC, where AB = 4 miles, BC = 7 
miles, and AC = 8*06 miles, we know that 

displacement AB + displacement BC 

= displacement AC. 



Fig. 4. 
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Hence, the sum of these two quantities, whose magnitudes are 4 and 
7 miles, is 8 06 miles when added by the vector method. If we ignore 
direction altogether, 

AB -j- BC =11 miles. 

It is evident that both these methods of summing give results which 
have rational meanings. If a man walked from A to B and then from 
B to C, the vector sum gives the man’s distance from the starting-point 
as well as the direction of his position from A; whereas the sum by the 
second method gives merely the distance walked over by the man, but 
gives no information about his final position. 

15 . In future, when we wish to indicate that quantities are to be 
added by the vector or displacement method we shall put an arrow over 
i"he vectors, thus— 


AB + BC = AC 

Using the vector notation, the theorem of Art. 13 concerning the polygon 
of displacements can be written very simply and concisely— 


AB + BC 4 - CD 4 - DE = AE 


Also 


AB -f BC 4 - CD 4- DE 4 - EA = o 
And as a particular case 

AB4- BA = o 

— % — 1^ 

16 . Since the sum of AB and BA is zero, each may consistently be 
regarded as the negative of the other. This gives a meaning to a 
negative vector. The negative of any 
vector is the vector obtained by reversing 
the direction of the first vector and keep¬ 
ing its magnitude the same. In Fig, 5 


AB - BC = AB 4 - CB 
= AB 4 - BD 


= AD 

BD being made equal to CB. 

17 . As a simple application of the sub¬ 
traction of vectors we will find the dis¬ 
placement of one particle relative to 
another which has also been displaced, 
particle relative to another is the displacement which the first would 
have had to undergo while the second remained fixed in order to leave 



The displacement of one 
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the two particles in the same relative position as the actual displace¬ 
ment* If two particles, b and c, starting from A, are displaced to B and 

C respectively, the displacement of c 
relative to b is 

AC - AB = AC -f BA 
= BA -f ^ 

= BC 

a result which, for this simple case, is 
obvious without any knowledge of vectors. If AQ is equal and parallel 



to BC (which is all expressed in the equation AQ = BC), then the 
relative position is just the same as if b had remained at A and c had 
been displaced to O. 

18 . Even when the particles do not start from the same point the 
relative displacement is given by the same method. The displacements 
can be represented by lines drawn from the same point, and the relative 
displacement obtained exactly as before. Thus, if b is moved from Aj 
to B, and c from A to C, the displacement of c relative to b is 


AC — AjB = AC — AJ) (where Ai) = A^B) 

= AC 4 - DA 
= DC 

Let AQ = DC. Then the relative positions are obviously the same 
as if c had been displaced to Q and b had remained at Aj, which shows 

that AQ or DC represents the rela¬ 
tive displacement. 

19 . It follows from the preced¬ 
ing paragraphs that the rule for 
finding the displacement of a par¬ 
ticle c relative to a particle h is the 
same as if both particles moved in 
the same straight line, namely, sub¬ 
tract the displacement of b from that 
of c. This rule includes all cases 
provided the vector method of sub¬ 
traction be used. 

20 . Theorems similar to those we have proved for displacements 
will be true for any other quantities that are added by the parallelogram 
method. For all these theorems follow from the parallelogram law. 

21 . We will now prove that velocities are added by the parallelo¬ 
gram rule, 
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Firstly, suppose the velocities with which we are dealing are constant. 

Let a particle have velocities represented by OA and OB. Then, by 
the definition of velocity the particle 
receives, in unit time, displacements 



represented by OA and OB, Now, 

OACB being a parallelogram, OC is 
the resultant displacement in unit 
time. But the resultant displacement 
in unit time is the resultant velocity. 

Hence OC is the resultant velocity, 
and it is obtained by the parallelo¬ 
gram rule. 

22. If the velocities are not constant, consider the displacements in 
a very short interval of time ht starting from the instant we are consider¬ 
ing. In Fig. 8 , let Oa^ 03, represent OA . 8 /, OB. 8 /, which, if the 
velocities do not vary suddenly by finite amounts, will represent 
approximately the actual displacements in the interval 8 /. The result¬ 
ant of these is Oc or OC . 8 /. The resultant velocity is what we obtain 
on dividing this resultant displacement by 8 /, namely OC. Thus, 
whether the velocities be constant or variable, the resultant is obtained 
by the same process. 

23. It is now only necessary to state the theorem in velocities corre¬ 
sponding to the theorem of Art. 13 for displacements. ^ 

If a particle has at the same time velocities reprcs€7ited by the sides AB, 
BCy CD^ BE of any polygon^ thefi the resultant velocity is represented by 

AE. And if E coincides with A the body is at rest, 

24. As an instance of a body having several velocities at the same 
time, we may mention the case of a man walking on the deck of a 
ship which is steaming across the current of a river. The resultant 
velocity of the man is the vector sum of the velocities of the current, 
of the ship relative to the current, and of the man relative to the ship. 

Example on Relative Velocity. —An aviator^ who flies with a 
velocity v relative to the air^ flies in a straight course from a poifit A 
to a point B, If a wind blows with velocity u in the direction making 

an angle 6 with A B, find Ms velocity 
relative to the earthy and the dh^ection 
in which he must steer his machine. 

The actual velocity of the 
machine is the vector sum of the 
velocity of the air and the velocity v 
in some direction which will make 
the sum into a vector along AB. 



Fio. 8 a. 


From A draw AP to represent ti. Then a vector representing 
the magnitude of which is known, must start at P and end on the line 
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AB. Therefore describe a circle of radius v and with centre at P, and 
let Q be the point where it cuts AB on the same side of A as B. Then 

PQ represents the man’s velocity relative to the air, and PQ is the 


direction in which he must steer. Also AQ is his velocity relative to 
the earth. 

PN is drawn perpendicular to AB. 

Then, if x denotes AQ, 

NQ = - NP2) 

that is, X — u cos 6 = sin^ 0) 

Therefore x — u cos 0 -f V(7'2 — 7/2 si^^2 

which is the required velocity. 

To find the direction in which he must steer, we need only find the 
angle Q. 


Now, 


bin 0 = sin 0 
^ V 


which gives Q. 

25 . To show that the parallelogram method of addition applies to 
accelerations we need only repeat the argument of Art. 21, substituting 
velocity for displacement and acceleration for velocity, since acceleration 
bears exactly the same relation to velocity as velocity bears to displace¬ 


ment. 


26 . We can now state the polygon theorem for accelerations thus— 
If a ‘particle haSy at the same timCy accelerations represented by the sides 


AB, BCy CD, BE, of any polygon, then its resulta/it acceleration is given 


by AE, And if E coincides with A the particle has no acceleration ; that 
is, the particle moves with constant velocity, 

27 . It will be useful at this stage to call particular attention to the 
meaning of “constant velocity” in the preceding paragi'aph, and 
wherever else it may occur in this book. Two velocities are equal only 
when they are in parallel directions and equal in magnitude. Conse¬ 
quently, the velocity of a particle remains constant only when the 
pjarticle continues to move in the same straight line traversing equal 
distances in any equal intervals of time. A velocity may be changing 
owing to a change in its direction while its magnitude remains the 
same. The magnitude of the velocity of a body is called its speed. 
Speed therefore differs from velocity in thalf the first has magnitude 
only, while the second has direction as well as magnitude. The 
velocity of a particle is determined when we are given its speed and the 
direction of its motion. 

28 . Suppose a particle has, at any instant, a velocity represented by 
OA, and, at a time 8/ later, a velocity represented by OB; then the 
increase of velocity in this time is— 


OB - OA = OB -f AO 


= AB 
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The mean acceleration, therefore, during this interval is- 



A? 

ht 

and if 8t be made infinitely small 
this becomes the true acceleration 
at the instant. This quantity is, of 
course, a vector. It is clear from 
the foregoing that the direction 
of the acceleration is entirely independent of the direction of the 
velocity. 

Generally the rate of change of a vector is a vector whose direction 
in no way depends on that of the first vector. 

29. By the aid of one of Newton^s laws of motion we can now show 
that the vector method of addition and subtraction applies to forces. 
His second law’ is— 

The rate of change of mometifnm of a body is proportional to the applied 
force a?id is in the directioii of that force. 

Now, the momentum of a body is the product of its mass and its 
velocity. Hence the rate of change of its momentum is the product of 
its mass and the rate of change of its velocity. That is, the force 
producing any acceleration is proportional to the product of the mass 
and the acceleration. 

30. If several forces act on a body at the same time, each force 
must be considered to be producing its own acceleration independently 
of the rest. The accelerations produced by the several forces will be 
equivalent to a single acceleration, namely, their resultant, which could 
be produced by a single force in the same direction as this resultant. 
The single force which could produce the same effect as the several 
forces is the resultant of those forces; and, since the forces are 
proportional to the accelerations, the lines representing the latter could 
equally well represent the former. Thus the same polygon which gives 
the resultant acceleration will give the resultant force \ whence it follows 
that the method of compounding forces is exactly similar to that of 
compounding accelerations. The vector method of addition and 
subtraction will therefore apply to forces*as well as to accelerations, 
velocities, and displacements. 

31. Not only is it necessary to compound several forces into a single 
resultant, but it is frequently necessary to 
perform the reverse operation, namely, to 
resolve a single force into two or more 
components. We will show how this is 
effected. 

32. To resolve the force OC into two 
components parallel to two given lines 
OA and OB. 

From C draw C^, parallel to BO 
and AO respectively; then Oa and Ob are the components required. 
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33. The student should -be careful to notice that the magnitude of 
the component along each line depends on the direction of the other. 
Suppose, for example, that OC and C)A remain fixed while OB turns 
about O so as to increase the angle AOB; as this takes place the point 
a will move away from O, and w'hen AOB is nearly two right angles 
0 <7, and also O/', will be very large. 

34. The commonest way of resolving forces is along two axes 
perpendicular to each other. Whenever w^e speak of the component of 
a force along a given line in its plane, when no other axis has been 
mentioned, it must be understood to mean the component obtained by 
resolving the force along the given line and a line perpendicular to the 
given line. 

35. By the method of obtaining the components of a force along 
two given axes in its plane it is clear that, for any given pair of axes, 
there can only be one pair of components of any force. If, however, 
we wish to resolve a force along three lines in the same plane as the 
force we shall not get a single set of three components; for we can 
choose arbitrarily a component of any magnitude along one of these 
lines, and then resolve the vector difference between the given force 

and the chosen compo¬ 
nent along the other two 
lines. 

36. If a force be re¬ 
solved along three lines 
not in the same plane, 
a single set of three 
components is obtained. 
—Let OC be the given 
^ force ; OX, OY, OZ, the 
^ three lines not in the 
Fig. II. same plane. 

Let a parallelepiped 

De described having its edges parallel to OX, OY, OZ, and having OC 
as a diagonal. The edges OL, OM, ON, are the components of OC 
along the given lines. For 

01. 4- OM -f ON == OL -f LP -f PC 

37. The three components just obtained are the only possible 
components along the given lines. For let us suppose that the com¬ 
ponent along OX w^ere 0/ instead of OL. Then the other two com¬ 
ponents must equal 

OC -0/=OC-J-/0 



IC 
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Now the resultant of forces along OY and OZ must be in their plane. 

Therefore /C cannot be equal to this resultant unless it is parallel to the 
plane YOZ. But unless / coincides with L, /C is not parallel to this plane. 


Hence / must coincide with L; i.e. OL is the only possible component 
along OX with the given directions of OY and OZ. Similarly, it can 
be shown that the other two components could not have any other 
magnitude. 

38. If several forces in one plane and their resultant be each 
resolved into components along two given lines in their plane, the 
sum of the components of the forces 


along either of the lines is equal 
to the component of their resultant 
along that line. 

Let AB, BC, CD, represent the 
forces; then AD represents their re¬ 
sultant. Let AX, AY, be the two 
given lines. If BL, CM, DN, be 
dr.iwn parallel to AY and meeting 
AX in L, M, and N, then AL, LM, 
MN, and AN, are the components 
along AX of AB, BC, CD, and AD. 
But 



Fig. 12. 


AL + LM + MN = AN 


the sum of the components of the forces is equal to the component of 
their resultant. 

39. By means of the preceding theorem we can find analytically the 
resultant of a system of forces in one plane which act through one point. 



Fig. 13. 
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Let P, Q, R, be three co-planar forces acting through O whose 
resultant S is required. 

Let OX, OY, be two mutually perpendicular axes in the plane 
of the forces, and let the angles which the positive directions of P, Q, 
R, and S, make with OX be a, j 8 , y, and 61, these angles being considered 
positive when measured from OX towards OY. 'Fhen 

component of S along OX = sum of components of P, Q, and R. 

along OX 

i.e, S cos 0 = P cos a -f Q cos j 8 -f R cos y . . , (i) 

Similarly, by equating the components along OY, 

S sin ^ = P sin a Q sin j 3 -f 1^ sin y . , , ( 2 ) 

Squaring both sides of (i) and ( 2 ) and adding, 

S 2 = (p cos a -f Q cos -f R cos y )2 -f (P sin a -f- Q sin -j- R sin yj- 

which gives the magnitude of S. 

Dividing ( 2 ) by (i), we get 

^ P sin a + Q sin -f- R sin y 
tan — p a + Q cos -f R cos y 

which gives the direction of S. Thus S is completely determined. 

40. A theorem similar to that of Art. 38 can be shown to be true 
for forces which are not in one plane, when the components are taken 
along three axes not in the same plane. For it is clear, from Art. 36 , 
that the component of any force OC (Fig. ii) along one of the three 
axes, OX say, is the intercept cut off OX by two planes through O and 
C parallel to the plane of the other two axes. Now, in Art. 38 , if A, B, C, 
and D, are not in one plane, and components are taken along OX and 
two otlier axes, instead of lines through B, C, and D, parallel to OY as 
in Art. 38 , we shall have planes parallel to the other two axes. The 
proof that the component of AD, the resultant, is equal to the sum of 

the components of AB, BC, 
and CD, along OX is, after 
this point, just the same as 
for co-planar forces. • 

41. To find analytically 
the resultant of a system of 
forces not all in the same 
plane, resolve them along 
three mutually perpendicular 
axes OX, OY, OZ. Let 
and be the sum of the 
components of all the forces 
along these axes. Then the 
resultant, R, of the forces is the resultant of x, y, and z. 

In the figure OA = x^ OB = y, OC = z, and OP = R. 




Now 

Therefore 
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^2 ^^,2 ^ ()Q2 
^•2 ^2 4. ^2 ^ 0Q2 4 Qpi 

= OP2 

= R2 

Thus the magnitude of R is found. 

, The direction of R is determined, because we know that it makes 
angles with the axes OX, OY, OZ, whose cosines are— 


X y z 
R’ R’ “R 


42. So far we have not introduced the derived units of velocity, 
acceleration, and force, all the properties we have proved being 
independent of the particular unit chosen. We will now introduce 
definite units. 

Taking a foot and a second as the units of length and time, the 
simplest unit of velocity is a velocity of one foot per second. If a body 
moves in a straight line at a uniform rate over v feet in each second, 
then the magnitude of its velocity is v feet per second. If a body, 
moving in a straight line, has not a uniform velocity, but has a dis¬ 
placement s feet from some reference point in the line of motion at the 

(is 

end of / seconds from a particular instant, then its velocity is ^^eet per 


second. This general form for the velocity holds, naturally, for the 
simplest case of uniform motion as well as for variable motion. 

43. Fluxional Notation. —Differential coefficients with respect to 
time, that is, rates of increase with respect to time, were indicated by 
Newton simply by putting a dot over the differentiated quantity, and 
this notation is still frequently used in dynamics, where it is often very 
dx 

convenient. Thus, x and — are different symbols for the same quantity. 


Likewise x means 


d^x 

~di^ 


but the notation would clearly get awkward for 


differential coefficients of high orders. 

To indicate differential coefficients with respect to quantities other 
than time, we have to make use of the fact that 


it ^ t 

dx dt dx X 


In dynamics, however, it is nearly always differentiations with 
respect to time that are used, and consequently there is little or no need 
of combinations of the fluxions. 

44. If V is the velocity of a body in feet per second moving along a 
straight line, this velocity being regarded as a function of the number 
of seconds t after some particular instant, the acceleration of the 

d*v du 

body is - In the case of uniform acceleration is the increase in 
dt dt 

velocity per second; that is, it is the number of feet per second of 
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velocity gained by the body per second. Thus it will be seen that the 
time-unit is involved twice in acceleration ; so the unit of acceleration is 
one foot per second per second. 

45. Newton's second law states that if a force F gives an accelera¬ 
tion / to a mass of tn pounds, then 

F oc 7nf 

Now it will clearly simplify matters—in dynamics at least—if we so 
choose the unit of force that 

F = w/ 

The unit force in this system is the force which give^ to a mass of one 
pound an acceleration of one foot per second per second. This is the 
unit used in dynamics, and it is called a PoundaL But in statics another 
unit is used, an accidental unit, which will now be explained. 

46. Experience tell us that all bodies, raised above the surface of 
the earth and then let go, fall towards the earth. Accurate experiments 
show that all bodies in vacuo near the earth’s surface, fall towards the 
earth with an acceleration of 32*2 feet per second per second. And 
further, Newton’s laws, which are the outcome of experience, tell us that 
a force is needed to produce acceleration in a body. Hence the earth 
must be pulling each pound of matter with a force of 32*2 poundals. 
The force with which the earth pulls any body near its surface is called 
the weight of the body. The weight of one pound, which, as we have 
seen, is 32*2 poundals, is the unit of force commonly used in statics, and 
it is called a force of one pound or one pound weight. There is a wide 
distinction between one pound mass and one pound weight; the first 
denotes a quantity of matter, and the second, the force with which the 
earth pulls that matter, an entirely accidental force, since it depends not 
only on the mass but also on the size of the earth. For this reason the 
poundal is called the Absolute Unit of force, and the pound is the 
Gravitation Unit of force. 

The acceleration of a body falling near the earth’s surface in vacuo 
is denoted by g, 

47. Masses are compared in practice by comparing their weights. 
If two masses have equal weights they are considered to be equal 
masses. But what we do really know about the masses is that the 
earth exerts equal forces on them; and this, combined with the know¬ 
ledge that both these bodies will fall with the same acceleration under 
the action of these forces, tells us that equal forces produce equal 
accelerations in them. Now, by Newton’s second law, since the forces 
and the accelerations are the same in the two cases, the masses must 
be the same. But Newton’s law is not a proof that the masses are 
equal, but an assumption. In the case of bodies composed of exactly 
the same substance this assumption can be verified in other ways; but 
for bodies composed of different substances, such as iron and copper, 
the assumption can only be taken as a definition of equal masses. 

48. In the metric system the units of length, mass, and time, are a 
centimetre, a gram, and a second, respectively The force which gives 



PRELIMINARY 


15 


to one gram an acceleration of one centimetre per second per second is 
called a dyne. Since one foot = 30*48 centimetres, the acceleration of 
falling bodies at the earth’s surface is 32*18 X 30*48 or 981 centimetres 
per second per second. The relations between the derived units in th^ 
two systems will be investigated in the chapter on Units and Dimensions, 
The weight of one gram is the unit of force commonly used in statics 
when metric units are employed. 


EXAMPLES ON CHAPTER I 


I. A particle moves round a circle of 3 feet radius at a uniform speed of 
4 feet per second. What is its displacement from the starting-point at the 
end of TT seconds ? What is its average velocity in this interval, and what 
angle does this velocity make with the initial velocity? 

3^/3 

3v^3 feet ; - feet per sec. ; 120®. 

It 

, 2. P and Q are any two points on the rim of a rotating flywheel. Find 
the velocity of Q relative to P, given the angular velocity of the wheel, 
and show that it is the same as if the wheel were rotating about P with the 
same angular velocity. 

3. P and Q are any two points in a plate rotating about an axis perpen¬ 
dicular to its plane with a given angular velocity. Show that the relative 
velocity is the same for all positions of the axis of rotation. 

4. Show that the velocity of a point P on a spoke of a wheel rolling along 
a road with an angular velocity a>, is CP. co at right angles to CP, where C 
denotes the point of the wheel in contact with the road. 

[Add the vectors representing the velocity of the centre and the 
velocity of P relative to the centre.] 

5. Show that the sum of the vectors represented by the medians of any 
triangle, all drawn from the angular points towards the opposite sides, 
is zero. 

6. Forces represented by w. OA and «.OB act along OA and OB. 

Show that the resultant is {m + «)OG, where G is the point in AB such 
that m . AG = n . GB. 


{Proof ,— m, O A - w(OG + GA) = m . OG - m . AG 
«. OB = ;z(OG + GB) = «. OG + w. AG 


therefore 


m . OA -f H . OB - {m + «)GG.] 


7. ABCD is a parallelogram, and G the intersection of the diagonals. 
O is any point inside or outside the plane of the parallelogram. Show that 

■■ i V — N — N N ii % 

the resultant of forces represented by OA, OB, OC, OD, is 4. OG. 

8. ABC is any triangle, G the intersection of the medians, O any point 
inside or outside the plane of the triangle. Prove that the sum of the vectors 

OA, OB, OC, is 3 . ^. 

9. Vectors are represented in magnitude and direction by lines drawn 
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from any point O to the eight corners of a cube. Show that their sum is 

represented by 8 . OG, where G is the centre of the cube. 

10. A, B, C, D, etc., are the corners of a regular polygon (or a regular 
polyhedron). If the number of corners is show that the sum of the vectors 

drawn from any point O to all the corners is « . OG, where G is the centre 
of the figure. 

11. Show that the sum of the vectors represented by the sides AB, DC 
of any quadrilateral ABCD is equivalent to the sum of the vectors repre¬ 
sented by the diagonals AC, DB. 

12. Across a river a quarter of a mile wide, which flows at he rate of 
one mile per hour, a man rows in a straight course from one bank to a 
point one-eighth of a mile up-stream on the opposite bank. If his rate of 
rowing relative to the water is 2 miles an hour, how long does he take ? 

[i2j minutes.] 

13. Suppose an airplane travels in still air at 200 miles an hour. How 
long will it take the aviator to fly round a square course whose side is twelve 
miles long if there is a wind blowing parallel to a pair of sides at the rate of 
56 miles an hour ? 

minutes.] 

14. How long would the aviator mentioned in the last question take to 
fly round the square course if the wind were blowing parallel to a diagonal 
of the square 1 

[15*31 minutes.] 

15. An aviator, who flies in still air at 114 miles per hour, flies round a 
course in the form of an equilateral triangle with sides twelve miles long, 
while a wind blows parallel to one side at 30 miles per hour. Show that he 
takes 20 minutes to go round the course. 

16. If an aviator flies round a triangular course, each side of which is c 
miles long, while the wind blows at u miles per hour parallel to a side, show 
that he takes 

C{V + 


to complete the circuit in either direction, v being his velocity relative to 
the air. 

« 17. In what direction must a boat be steered across a river which flows 
at 3 miles per hour, by a man rowing at 4 miles per hour, in order to make 
a course at right angles to the banks ? 

[At sin-i (J) up-stream.] 

f 18. An observer on a steamer which is travelling due west at 14 miles 
an hour, notices another steamer travelling south-east. By observations on 
the distances of the second steamer at different times he calculates that its 
velocity relative to the first steamer is 26 miles an hour. What is the true 
velocity of the second steamer? 

[10^2 miles per hour.] 

19. ABC is a triangle with AB horizontal and C above AB. F is the 
foot of the perpendicular from C on AB. From F perpendiculars are drawn 
to AC and BC, meeting them in P and Q. Now suppose bodies slide down 
CA and CB with accelerations^ sin A,^ sin B. Show graphically that the 
relative acceleration is parallel to PQ. 



CHAPTER II 

J^/RST PRINCIPLES OF STATICS 

49. At this point we shall need a few more terms, which we will now 
define. 

A Rigid Body is a body which maintains its shape and size under 
the action of any forces. Or better, a rigid body is a body in which 
the distance between every pair of particles remains constant under the 
action of any forces. 

Like many other thifigs in mechanics, an aosolutely rigid body does 
not exist. All bodies alter their shape or size or both under the action 
of forces. If the two ends of a rod be pulled away from each other the 
rod is lengthened, and if the ends be pushed towards each other the rod 
is shortened. But this alteration in length is so small for ordinary 
forces that it may be neglected in most cases. P'or this reason we 
shall treat all bodies as if they were rigid, except in the questions 
on elasticity, where the alteration in shape is the subject specially 
considered. 

Tension and Thrust, —If forces act on the ends of a rod or string 
tending to pull them apart, the rod or string is said to be in tension. 
If the forces on a rod tend to push the ends together, the rod is said to 
be in thrust. 

Action and Reaction. —When a body A, exerts a force on a body B, 
observation tells us that B exerts a force on A in the opposite direc¬ 
tion. Newton^s third law of force states that these two forces are equal 
and opposite; that is, their magnitudes are equal, and they act in 
opposite directions in the same straight line. Either of these forces is 
called the action of one body on the other, and the other force is called 
the reaction. 

The conviction that action and reaction are equal is not arrived at 
directly by observation. This conviction is forced upon us by the 
universal agreement between the deductions drawn from the principle 
and our experience. 

Smooth Bodies. —A body is said to be smooth when the only force 
that can be exerted at any point of its surface, by another body touching 
it there, is a force along the common normal to the surfaces of the two 
bodies at that point. 

Bodies that are not smooth are called rough bodies. No body is 
perfectly smooth, A smooth body is just as unreal as a rigid body, 
but both have their uses in mechanics. 


c 
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Equilibrium. —A system of forces are in equilibrium when the effect 
which they would produce on a rigid body is nil. 

Sometimes we speak of the body on which the forces act as being 
in equilibrium. This means simply that the forces are in equilibrium. 

50. By the methods of the last chapter the vector representing the 
sum of a number of forces can be very easily obtained. We have only 
to draw a series of vectors representing the forces, each vector beginning 
at the end of the last one, and then the vector completing the polygon 
represents the resultant or sum. But a force has a definite line of action 
as well as magnitude and direction, and the above process does not 
give the line of action of the resultant. In the algebra *of vectors we 
make no distinction between vectors which are equal and parallel, but 
in dealing with forces we are obliged to make a distinction. We may 
take it as an axiom that two forces acting on a rigid body cannot 
balance each other unless they act in opposite directions along the 
same straight line and have equal magnitudes. Hence it follows that 
two forces are only truly equal when they act in the same direction 
along the same]^straight line and are equal in magnitude. 

51. We could, however, apply the parallelogrtlm method of addition to 
find the line of action as well as the vector sum of several forces. For, 
since it is evident that the resultant of two forces passes through their point 
of intersection, it follows that the diagonal of the force-parallelogram 
gives the resultant in its actual position. To find the resultant of 
several forces it is only necessary, therefore, to sum two of the forces, 
then add the resultant of these to one of the remaining forces, and so 
on until the whole are reduced to a single force. 

52. We must mention here an assumption which we shall constantly 
make in the course of the work. It is known by the name of “ The 
Transmissibilify of PbrceT The assumption is that a force applied at 
any point of a rigid body can be balanced by a force of equal magnitude 
acting in the opposite direction, and applied at any point in the line of 
action of the first force. Thus a pull applied at one end of a rod can 
be balanced by a pull applied at the other end, and when the rod is in 
equilibrium under such a pair of forces, the lines of action of the forces 
both run along the rod. Likewise two equal thrusts applied at the 
ends of a rod can balance each other. An immediate consequence of 
the above assumption is that, in dealing with forces in equilibrium, we 
may suppose any force to act at any point in its line of action without 
disturbing the equilibrium. It will appear, when we deal with the 
subject of elasticity, that the stresses due to equal forces applied at 
dififerent points are by no means the same. Moreover, the conditions 
of stability are quite different. The thing which is really the same for 
the different forces is their capacity, as long as the equilibrium is 
maintained, to balance other forces acting on the rigid body. 

63. If all the forces acting on a body pass through one point, the 
resultant will clearly pass through the same point; consequently, when 
the magnitude and direction of the resultant is found, this resultant is 
completely determined. 

54. In trying to find the line of action of the resultant of several 
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forces by the parallelogram method, it might happen that we arrive at a 
point where the original set of forces are reduced to several parallel 
forces. At this point we could carry the parallelogram method no 
further. We will now give a method of finding the resultant of two 
parallel forces. By several successive applications of this method we 
could, of course, find the resultant of any number of parallel forces. 

66. There are two cases to consider, namely, (i) where the two 
forces act in the same direction, and (ii) where the two forces act in 
opposite directions. But one method will apply to both cases. We 
give a figure for each case. 

Let AB, CD represent the two forces whose resultant is required. 
Join AC, and at A and C introduce two equal and opposite forces, 

AP, CQ, in the line AC. Since these two forces balance each other 
the resultant of all the four forces will be the result¬ 
ant of the two given forces. By the parallelogram 

method we find the resultant AR of AB and AP; 

also the resultant CS of CD and CQ. These two ^ 

resultants will meet in some point M if AB and C'D yV 

are not equal and in opposite directions. / N 




X\r_ Q 


Fio. IS. 


Now, the force AR may be considered to act at M, and it isequiva- 

lent to ML and MX where ML = AP and MX = AB. Also the force 

CS is equivalent to MN and MY where MN = CQ and MY = CD. 
The resultant of these four forces acting at M is clearly the vector sunr 

of MX and MY, that is, the vector sum of AB and CD, and it acts 
through M, The resultant of two parallel forces is just their vector 
sum exactly as if the forces were not parallel, the only difficulty being 
in finding the line of action of the resultant. 
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If the forces are in opposite directions and equal in magnitude 
the diagonal RA and CS will clearly be parallel, and the construction 
will fail. There is, in fact, no single resultant of two equal but opposite 
parallel forces. They can only be left as a pair of parallel forces. Such 
a pair of forces form what is called a couple. 

By adding forces two at a time we can always reduce any system of 
parallel forces to a single force or a single couple. It follows from this 
and from previous theorems that any system of forces whatever can be 
reduced to a single force or a single couple. 

56. Moment of a force.—The moment of a force about any point 
in its plane is the product of the force and the perpendicular distance 
of the point from the line of action of the force. 



Thus the moment of the force F about the point 
P is pY. 

We can derive another very convenient ex¬ 
pression for the moment of a force as follows :— 
Let Q be any point on the line of action 
of F, and let PQ = r. Then the moment of 
F about P 

= /F 

= r cos B • F 


= r X the component of F perpendicular to PQ, 


for F cos B is the componqnt of F perpendicular to PQ if the other 
component is along PQ. 

57. We have defined the moment of a force about a point as being 
the product of the force and the perpendicular distance of the point 
from the force. Now we know that the force F reversed in direction 
would exactly balance F, and whatever effect one of the forces would 
produce would be exactly annulled by the effect of the other. It is 
reasonable, then, that the moment of one of these forces should be 
considered to be the negative of the moment of the other; and this 
convention is a reasonable one no matter what effect is measured by 
the moment of a force. It is proved, in fact, in Chapter XVII I., that the 
moment of a force about any fixed axis measures the turning effect 
of the force about that axis. The usual convention is to consider a 
moment positive when the effect of the force *would be to turn the 

body in the direction opposite to that 
of the hands of a clock (the face being 
upwards), and negative in the other 
case. 

58. The sum of the moments of 
any number of co-planar forces about 
any point in their plane is equal to 
the moment of their resultant about 
that point. 

We will first prove the theorem for 
two forces which meet at a point. 

*7- Let P and Q be the two forces 
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meeting at O, R their resultant, and A the point about which the 
moments are to be taken. Also let OB be drawn perpendicular to OA, 
the direction of OB being the same as that of a force which would have 
a positive moment about A. Then 

Sum of moments of P and Q 
about A ^ 


Note. —If OA or AO produced lies inside the parallelogram, the 
components will have opposite signs. 

But the proof is exactly the same as 
above. The negative component has 
a negative moment, and it must be 
considered negative in summing. 

59. We will now prove the theorem 
for a pair of parallel forces which do 
not form a couple. 

Let P and Q be the parallel forces, 

R their resultant, and A the point 
about which the moments are to be 
taken. As in finding the resultant of 
two parallel forces, let us introduce A 
a pair of equal but opposite forces Fig. i8. 

T and — T along the same line EC. 

Let V be the resultant of P and T, and W the resultant of Q 
and ~T. 

Now, by Art. 58 

sum of moments of P and T 7 r t 

about A \ ~ nao^^ent of V about A. 

Also 

sum of moments of 0 and—T ) r u .a 

about A S moment of W about A. 

Again, • 

sum of moments of Y and W > ^ c i . a 

about A S ~ moment of R about A. 

Hence 

sum of moments of P, T, Q, j ^ ^ 

— r about A ) 

But clearly the sum of the moments of T and — T is zero. There¬ 
fore we arrive at the conclusion that the sum of the moments of P and 
Q about any point is equal to the moment of their resultant about the 
same point. 

60. The resultant of several co-plenar forces can be obtained by 



= OA X sum of components of P and 
Q along OB 

= OA X component of R along OB 
= moment of R about A. 
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several successive operations, each of which consists in adding together 
two forces. And since the moment of the resultant of each operation 

about any point is equal to the sum of 

F_ the moments of the forces giving this 

[b resultant, it follows that the moment of 

the final resultant of all the original 
forces is equal to the sum of the 
moments of all those forces. Thus the 

---general theorem is proved. 

^ 61. The moment of a couple about 

every point in its plane is the 
same. 

Let F be the magnitude of the 
P forces forming the couple, P any point 

Fig. 19. in its plane, PAB a line perpendicular 

to the forces. Then 


moment of couple about P = P". PB — F. PA 

= F. AB 

= /F 

where p is the perpendicular distance between the lines of the forces, 
and is called the arm of the couple. The product /F is independent 
of the position of P; hence the moment is the same about all points in 
the plane of the couple. 

62. Two couples in the same plane the sum of whose moments 
is zero are in equilibrium. 

Firstly, let the forces of the two couples intersect. Let the forces of 
one couple act along AB and CD, and those of the other couple along 
AD and CB. 

By choosing a convenient scale to represent our forces we can take 
AB and CD to represent the forces along those lines. Then the 

moment of the couple formed by 
these forces is represented by the 
area of the parallelogram ABCD. 
But the magnitude of the moment 
of the second couple is equal to 
that of the first. Hence the area of 
the parallelogram ABCD represents 
the moment of the second couple. 
It follows from this that the lines 
AD and CB must represent the 
magnitude of the forces. Thus our*two couples are represented by the 

four forces AB, AD, CB, CD. 

Now 



AD + CD = BD 


CB + AB = DB 


and 



FIRST PRINCIPLES OF STATICS 


23 


Thus the resultant of the two forces meeting at B is exactly the 
negative of the resultant of the two forces meeting at D, and these two 
resultants have the same line of action. Hence they are in equilibrium ; 
that is, the two couples are in equilibrium. 

We will now deal with the case of two couples formed by four 
parallel forces. 

We will denote forces in one direction by positive signs and forces 
in the other direction by negative signs. 

Let P and - P be the forces of one couple, Q and — Q those of 
the other. 


The resultant of P and Q is a parallel force (P + Q) through some 
point C. The resultant of — P and 

— Q is another parallel force ~ ( P -|- Q), _ p 

which also passes through C, as we will 

now prove. ^ _ zE _ 

The sum of the moments of P and Q _(p + Q) q 

about C is equal to the moment of ..— --► ^ 

their resultant, which moment is zero. - Tq- 

Also the sum of the moments of the _^ 

four forces P, Q, — P, — Q is zero by ^ 

hypothesis. Hence the sum of the Fig. ai. 

moments of — P and — Q about C must 

be zero, and since the resultant itself is not zero, it must be the perpen¬ 
dicular distance that is zero. That is, the resultant of — P and — Q 
passes through C, and therefore*^^t is in equilibrium with the force (P + Q) 
through the same point. Thus the two couples are in equilibrium. 

63. We have now proved that two couples in the same plane, the 
sum of whose moments is zero, are in equilibrium. Either of these 
couples may therefore be regarded as the negative of the other, and 
either of them reversed may be regarded as the exact equivalent of the 
other. Tims two couples acting in the same plane on a rigid body are 
exactly equal if they have equal moments. 

64. Any two couples acting in parallel planes on a rigid body are 
equal if they have equal moments. 

Up to the present we have usually spoken about moments of forces 
about points in their planes. Since couples are connected with rotations, 
and rotations take place about lines and not about points, we must take 
moments about lines if we wish to attach a real physical meaning to the 
moment of a couple. When we say that the moments of two couples 
in parallel planes are equal we mean that the moments of the couples 
about any line perpendicular to their planes are equal. That is, the 
magnitudes of the moments are the same, and they would cause rotation in 
the same direction. This subject is treated thoroughly in Chapter XXIII. 

Let F, — F be the forces of one couple, and let equal and parallel 
forces be taken in the other plane, forming a similar couple, but with 
a moment of opposite sign. Let AB and CD be the arms of these 
couples. These arms will be equal since the moments are equal in 
magnitude, and they will be parallel. We will show that these two 
couples are in equilibrium. 
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The resultant of F at A and F at C is 2 F at O, the mid-point of 
AC. Similarly the resultant of — F at B and — F at D is — 2 F at 
the mid-point of DB. But since AB and 
CD are equal and parallel, AC and BD are 
the diagonals of a parallelogram, and there¬ 
fore their mid-points coincide. Thus the 
two forces 2 F and — 2 F act at the same 
point, and therefore they are in equilibrium. 
Hence the two couples are in equilibrium. 

Thus the couple whose forces pass through 
C and D balances the first given couple. 
But this same couple through C and D will 
balance the second given couple which is in 
the same plane and has an equal moment 
but of opposite sign. Thus, since the two 
given couples will balance the same couple, 
they are equal. 

65. Since the effects produced by two couples in the same plane or 
parallel planes are equal if their moments are equal, it follows that the 
effect of a couple is measured by its moment. The effect produced by 
several couples in the same plane or in parallel planes is therefore 
measured by the sum of their moments, the proper sign being, of 
course, attached to each moment 

66. It has been shown that two couples, acting in the same plane or 
in parallel planes, are equivalent if thef have equal moments. Equal 
couples, then, have two things in common : namely, equal moments and 
a common direction of the normals to their planes. These suggest that 
we might represent a couple by a length measured along a nounal to its 
plane; that is, it seems as if the moment of a couple may be subject to 
vector laws. Let us examine if this is the case. 

67. Two couples, whose moments are equal in all but sign, can be 
represented by equal lengths along the same line, but these lengths 
must, for distinction, be drawn in opposite directions. We shall there¬ 





fore need a rule concerning the direction in which a vector must be 
drawn in order to represent the moment of a couple. The accepted 
rule is as follows: If the couple were acting on a right-handed screw 
working in a fixed nut, the axis of the screw being perpendicular to 
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the plane of the couple, the vector must be drawn in the direction 
in which the axis of the screw would move in consequence of the 
rotation given by the couple. 

In the two figures 23 and 24 , F and — F represent the forces of a 
couple, and OM the moment of the couple in each case. 

68. Couples in inclined planes. 

Now suppose two couples with moments Mj and M 2 act in two 
intersecting planes ABCD and CDEF. We know we can replace any 
couple by any other coyple in the same plane having the same moment. 
Let us therefore replace the couple in the plane A BCD by a couple 
whose forces are — P along CD and P along a parallel line AB, the 
position of which is chosen so as to make the moment the same as the 
moment of the given couple. Similarly, let the other couple be replaced 
by P along CD and — P along the parallel line FE. This arrangement 
is always possible. We have only to choose the lengths AD and DE 
properly. The sign of the couple in the plane CDEF is regulated by 
putting E on one or the other side of D. 

Now the forces along CD are in equilibrium, and we are thus left 
with the 4wo forces P and — P along BA and FE respectively, forming 




a couple in the plane ABFE. Hence the resultant of the two given 
couples is another couple in a plane inclined to the planes of both. 
We will now show that this result could have been obtained by adding 
the vectors which, according to our rule, represent the given couples 
69. In fixing the positions of A and E we were quite at liberty to 
make AD and DE each perpendicular to CD. Let us suppose this has 
been done. Then the lines AD, DE, and AE are the arms of the two 
given couples and of the resultant couple. Since the forces of the 
couples are all equal it follows that these arms are proportional to the 
moments of the couples to which they belong. 

Now let ad^ de be drawn to represent the moments of the given 
couples. These lines will be perpendicular to the planes of the couples, 
and therefore perpendicular to AD and DE respectively. Also since 
AD and DE are proportional to the moments of the couples we get 

ad 

^~"Dl 

Also the angle ade is equal to the angle ADE. Hence the triangle ode 



26 MECHANICS OF PARTICLES AND RIGID BODIES 

is similar to the triangle ADE. Therefore ae \ ad \ de :=z \ AD : DE. 

Also ae is perpendicular to the plane AEFB. It follows that ae nepre- 
sents the couple whose arm is AE, that is, the couple which we have 
proved to be the resultant of the given couples. But this is exactly 

what we should have got by adding the two vectors ad and de. Hence 
the moments of couples are added by vector rules, provided they are 
represented in the manner shown above. 

70. It follows from what we have just proved that several couples 
acting on the same rigid body are equivalent to a single couple whose 
moment is the vector sum of the moments of the several couples. 
Couples in parallel planes are included in this. 

71. Any force acting on a rigid body can be replaced by a parallel 

force through any chosen point, to¬ 
gether with a couple in the same 
plane as the given force and the 
point. 

Let F be the given force acting 
through A, and let P be any chosen 
point. 

Let two forces F and — F parallel 
to the given force be introduced at 
P. These will produce no effect on * 
the rigid body since they balance 
each other. Hence the two forces at P and the one at A are equivalent 
to the given force at A. But the forces F at A and — F at P form a 
couple. Thus the given force at A is equivalent to the couple so formed, 
together with the force F at P, 

The moment of the couple is the moment of F at A about P. 

72. To find analytically the resultant of a given system of co- 
planar forces. 

Let perpendicular axes OX, OY be taken in the plane of the forces. 
And suppose that forces whose components parallel to the axes are 
and Yi, X 2 and Y 2 , X 3 and Ys, etc., act at points ^ 1 ), (^ 2 j J 2 )) 
etc. 

The force X^ acting at (^1 Vi) can be replaced by Xi along OX, 
together with a couple whose moment is —JiXj. Similarly, the force 
Yj acting at can be replaced by Yj along OY and a couple whose 

moment is ^lYj. All the other forces can be treated in the same way. 
Then the given forces are equivalent to 

(1) A set of forces Xi, X 2 , X 3 , etc., along OX ; 

( 2 ) A set of forces Yj, Y 2 , Yg, etc., along OY; 

( 3 ) A number of couples whose moments are 

-^ 1 X 1 ), -jt'zXa), etc. 

Let 27X denote + Xa + X 3 + etc., 
and EY denote Yj + Ya +Ys + etc., 

and S{scY — ^X) denote (a;iYi —>> 1 X 1 ) + (^aYa — j'aXa) + etc. 
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Now, the forces through O reduce to a single force R through O, 
making an angle 0 with OX such that 

R = +'(i7Y)* 

tan ® - 2 ;x 

And the couples are equivalent to a single couple whose mon^pnt is 

We have thus reduced the given forces to a single force and a single 
couple. These again can be reduced to a single force equal and parallel 
to R, but acting in a different line. This last force is the resultant of 
the system. 

To find where the resultant force acts, let / denote the distance of 
its line of action from O. Then 


whence 


I>R==I!{xY --yX) 

E(xY ~ yX) __ 
^ v'{(2:X)2 + (l7Yj2} 


It might seem that there are two possible positions for the line of 
action of the resultant both touching a circle of radius / with its centre 
at the origin. But the correct position of this line is determined by the 
condition that the moment of R about O must have the same sign as 
the moment of the couple E(xY — 7X). 

Thus the magnitude, direction, and line of action of R, are com¬ 
pletely determined. 

73. In particular cases the force R, the couple E(xY — ^X), or both, 
may be zero. R will be zero if 27X = o and 27Y = o simultaneously. 
If R is zero and the couple is not zero, then the resultant is simply the 
couple and it cannot be further reduced. But if the couple is zero and 
R is not zero, the resultant passes through O, for / is zero in this case. 
If R and the couple are both zero the forces are in equilibrium. 

74. The method we have just used will apply just as well to a 
system of parallel forces as to intersecting forces. 

Let a system of parallel forces Fj, F 2 , F 3 , etc., act on a rigid body. 
Let the axis of y be taken parallel to the forces. Suppose the forces 
act at distances Xi, X 2 , .^^ 3 , etc., from the origin. Then, using the 
formulae obtained, 


whence 

Also 


R = I<j4-F2 4"F3-f- etc. 
tan 0 = 00 
0 = 90 " 

^ + ^ 3 ^3 + etc. 

" FjTFs + ^8 + etc. 
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76. Centre of parallel forces. 

Suppose a number of parallel forces of given magnitudes act at fixed 
points in a rigid body, Then^ whatever the direction of the forces may be 

relative to the body^ the re- 
snltant will always pass 
through another fixed point 
which is called the '‘'centre!'' 
of the parallel forces. 

Let the forces be Fi, 

1^3, etc., acting at points 

(■*1. /l). (■a'2. J 2 ). J's) 
relative to axes fixed in the 
body, and suppose the direc¬ 
tion of the forces makes an 
angle a with OX. Then 
we shall prove that the re¬ 
sultant passes through a 
point which does not depend 
on a. 

Let X', Y' denote the sums of the components parallel to OX and 
OY respectively. Then 

X^ = (hi “ 4 " F2 -f- 1*3 -f" • • •) cos a 
Y^ = (hi 4 - h2 + F3 -f- . . .) sin a 

Suppose the line of action of X' is at a distance y from OY, and 
the line of action of Y' at a distance x from OX. Then, by taking 
moments about O for the X-components, 



yX' = j'lFi cos a + ,)’2F2 cos a -f 73F3 cos a -f- • • •; 


that is, . y 


Fi -f h2 4 - h 3 4 - ... 


In the same way we get 

- _ -^ 1^1 "b -^ 2^2 ^’3^3 4 * • . • 

^“““Fi + Fz + Fs+TTT 

Now, the resultant of all the given forces is the resultant of X' and 
Y', and since these meet at the point (x, y) the resultant passes through 
this point. But the values found for x andj' do not involve a, and 
therefore the point (x, y) is the same for all values of a. Thus the 
theorem is proved. 

76. If some of the forces act in the opposite direction to that of the 
others, we can allow for this by merely taking these forces to be negative 
in the formulae. It need scarcely be pointed out that the magnitude of 
the resultant is the algebraic sum of the forces. 

77. Conditions of equilibrium of a rigid body acted on by forces 
in one plane. 

By experience we know that if a body at rest is acted on by a force 
or by a couple, the body cannot remain at rest. We can, it is true, 
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deduce these facts from Newton’s laws of motion, and this will be done 
in the chapters on rigid dynamics. But these laws are themselves the 
embodiment of experience, and are not so axiomatic as the facts we 
have just stated. We may as well, therefore, use the above rules as 
statical axioms. 

We have previously found (Art. 72) that a system of coplanar forces 
can be reduced to a single force or to a single couple. The force will 
be zero if, with the notation of Art. 72, 


EX = o .(i) 

and EY = 0.(2) 


If the equations (i) and (2) hold the resultant cannot be a force, but 
it may be a couple. 'Bo ensure that the couple is also zero we need 
only make the moments of all the forces about any point—the origin 
of co-ordinates for convenience—equal to zero, for this moment is equal 
to the moment of the couple if there is one. The condition necessary 
for a zero couple is therefore 

i;(aY-jX) = o.(3) 

Equations (i), (2), and (3) are the necessary and sufficient conditions 
that the body should be in equilibrium. 

78 . The three conditions of equilibrium could be put in many 
different forms, but all these forms could be deduced from the three 
equations of the last article. If, for instance, the sum of the moments 
of the forces about any three points not in the same straight line is zero 
the body will be in equilibrium. For we know the resultant cannot be 
a couple, because a couple cannot have zero moment about any point 
in its plane. Also it cannot be a single force, because a force can only 
have zero moment about points in its line of action, and this line cannot 
pass through three non-collinear points. 

79 . Whatever forms, however, the three equations of equilibrium 
take, we cannot get rid of an equation containing moments. That is, 
at least one of the equations must be that the sum of the moments about 
some point is zero, for that is the only way in which we can be sure that 
the resultant is not a couple. It will be shown in the next article 
that we may replace the moment equation by an equivalent geometrical 
condition. 

80. Body under three forces. 

If a rigid body is in equilibrium under three forces their lines of action 
must lie in one plane^ and they must meet at a point or be parallel. 

It is easy to see that this is true; for any one of the forces must be 
the negative of the resultant of the other two. But this resultant passes 
through their point of intersection and lies in the same plane. Hence 
the other force passes through the point of intersection of the two forces 
and lies in the same plane. 

If two of the forces are parallel their resultant will be a force parallel 
to each of them. The third force has the same line of action as this 
resultant, and is therefore parallel to them. The case of parallel forces 
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might have been considered to be a special case of intersecting forces 
where the point of intersection is at an infinite distance. 

81 . The condition that the three forces must meet at a point may 
take the place of the equation of moments in the general conditions of 
equilibrium in Art. 77. For it is evident that three forces which pass 
through one point cannot form a couple. In addition to the preceding 
condition we need only ensure that R should be zero, and this will be 
the case if each of its components is zero. The condition that the forces 
are concurrent is, of course, involved in the three equations of equili¬ 
brium, and we need not use it in this form unless we choose. In many 
cases, however, it will be convenient to use the geometrical condition 
instead of one of the equations of equilibrium. 


EXAMPLES ON CHAPTER II 

In the followi7tg examples the weight of a body which has a symmetrical 
centre may be taken to be a single vertical force acting at that centre^ unless 
the contrary is stated. 

1. A system of coplanar forces reduce to 40 lbs. and 64 lbs. along the 
axes of X and y respectively, together with a positive couple of magnitude 
108 foot-lbs. Where does the resultant meet the axis of ;r? 

[At .r = feet.] 

2. Find the resultant of the following forces and the points where its 
line of action meets the co-ordinate axes :— 

= 4 lbs., Yi = 7 lbs., acting at (2, i) 

X2 = 10 lbs., Y2 = 5 lbs,, acting at (4, — i) 

X3 = o, Y3 = — 8 lbs., acting at ( — 5, 6) 

X4 = -12 lbs., Y4 = I lb., acting at (-7, 2) 

[R = V29 lbs., and it passes through the points (19*4, o) and 
(o, - 48 - 5 )-] 

3. ABC is an isosceles triangle having a right angle at C ; forces of 10, 8, 
and 12^2 units act from A to C, C to B, and A to B respectively. Find, 
from the equations of equilibrium, the force that will balance them, and the 
line along which it will act; also show the four forces in a diagram. 

{Board of Education^ Honours^ 1894.) 

[The resultant has a magnitude 2973, and acts from P to Q, where 
P and Q are points on CA, CB respectively such that CP = JCA, 
CQ = 

4. ABCD is a square of side 2^1, P is the middle point of AD, and Q the 
middle point of DC ; and the following forces act:— 

20 from A to B, 20 from C to D, 40 from A to Q, 30 from P to B. 

Show that the resultant is a force 50, and that the length of the perpendicular 
from A on its line of action is about 0*27^. Represent the resultant m a figure. 

{London Inter, Scly 1907.) 

5. The ratio of the moments of a certain force about two given points is 
constant, but the magnitudes of the moments vary. Show that the force 
always passes through a fixed point on the line joining the given points. 

6. The moment of a force about the origin is 60 foot-lbs., and about the 
point (3 ft., o) its moment is 24 foot-lbs. Find the i>oint where the force 
meets the aws of r, and find its component perpendicular to that axis. 

[5 feet along ;t-axis j Y - 12 lbs.] 
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7. If the ratios of the moments of a force about three points which are 
not collinear are given, show how to find, geometrically, the liq^ of action 
of the force. 

[The method of Ex. 5 gives two points on the line of action.] 

8. The moments of a force (or system of forces) about the points (o, o), 
(10, o), and (o, 7) are 184, —46, and 65 foot-lbs. Find where the force 
(or resultant of the system) meets the axis of and find its components 
parallel to the co-ordinate axes. 

[At ;r = 8 ft. The components are X = — 17 lbs., Y = 23 lbs.] 

9. The algebraical sums of the moments of a system of coplanar forces 
about points whose co-ordinates are (i, o), (o, 2) and (2, 3), referred to 
rectangular axes, are Gj, G2, G3 respectively. Find the tangent of the 
angle which the direction of the resultant force makes with tlie axis of X, 

{Lo7id. BSc., 1908.) 

3G2 4 - 2G 3 1 

L 2G2 — G2 — G3 J 

10. One end of a rod rests on a smooth horizontal plane, and the other 
end is attached by a string of negligible weight to a point at a distance 
above the plane greater than the length of the string. Show that the string 
is vertical in the equilibrium position. 

n. Two rods AB, BC, connected by a smooth hinge at B, are suspended 
from a fixed smooth hinge at A. The lower end C rests on a smooth hori¬ 
zontal plane at a distance below A greater than AB. Show that AB must be 
vertical in the equilibrium position. 

If the conditions of the preceding question are altered so that the end C 
is constrained, by a stop on the plane, to lie vertically below A, find 

(i) what part of the weight is borne by the plane ; 

(ii) the horizontal reaction of the stop. 

(Board of Education^ Honours^ 1911-) 
[If F is the foot of the perpendicular from B on AC, W and w the 
weights of AB and BC, the weight borne by the plane is 

FC • FB 

^ - (W -f. w) ; the action of the stop is-+ w).] 

12. A rod of length / lies on a smooth table, and has attached to it, at 
its ends and its middle point, light strings carrying weights W + w, W, w, 
respectively, the first hanging over one edge, the others over the opposite 
parallel edge of the table. If the rod is kept in equilibrium at an inclina¬ 
tion 6 to these edges by contact with smooth pegs fixed to the table at a 
distance a apart, determine the pressures on the pegs. 

(Lofidon B.A,, 1908.) 

[The pressures are each — (W + 2w) cos 0 .] 

13. A very small ring is free to slide on a smooth circular wire of radius 
which is fixed in a vertical plane. It is attached to a point on the wire at 
the same height as the centre by a string of length \a. Show that the 
tension in the string is approximately 0*9 times the weight of the ring. 

' (Manchester University^ 1906.) 

14. A particle of weight w rests against the circumference of a circular 
plate whose plane is vertical; a cord attached to the particle passes over a 
pulley placecf vertically above the highest point of the circle at a distance 
from the circle equal to the radius, and it carries a weight p. Show that 
the particle will rest at an angular distance B from the highest point of the 
circle such that 
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Prove that the pressure on the circle is independent of the magnitude 
of^. « {Board of Education^ Honours^ 1908.) 

15. O is the point of intersection of the medians AD, BE, CF, of a 

triangle ABC ; forces P, Q, R act from O to A, B, C, respectively. If the 
ratio of Q to R equals the ratio of BE to CF, find the resultant of the three 
forces. ■ {Board of Education, Stage IIL, 1906.) 

n A 

[P - ^ along OA.] 

16. A smooth hemispherical bowl of radius r is held firmly with its rim 
horizontal. A uniform rod rests on the rim with one end against the inner 
surface of the bowl. Explain what are the forces that keep the rod at rest, 
and show them in a diagram. 

In the position of equilibrium, if a given length c of the rod is within 
the bowl, find the whole length of the^rod. 

{Board of Education, Stage IT., 1906.) 



17. A lever can turn about a fixed point at one end and rests without 
friction against a fulcrum at ~th of its length from that end, so as to be 

inclined at an angle a to the horizontal. Show that when a load P is 
suspended from the free end, the load being so great that the weight of the 
lever itself is negligible, the lever will press against the pin of the joint 
with a force 

V{{n — i )2 cos 2 a + sin^ a}^ 

and give a construction for the direction of this force. 

{London Inter Scu, 1899.) 

18. A hollow cylinder is fixed with its axis vertical, and is open at the 
top ; a smooth uniform rod rests against the upper edge of the cylinder with 
one end outside the cylinder and the other end on the bottom. For a given 
length of rod find the pressures it exerts on the cylinder ; also find the 
greatest length it can have if it stays at rest in the position described. 

{Board of Education, Honours, 1897.) 

[Let I = length of rod, W its weight, c — length of diagonal of 
cylinder, a the inclination of the rod to the horizontal; then the 

COS^ GL \ 

I-1, 

2C / 

-W sin a cos a ; the other force is Lys cos a, and the maximum 

2C 7.C 

length 2 c sec2 a.] 

19. A rod of weight Wi and length 2^ is pivoted at its middle point, and 
its weight acts at a distance h from the middle. A weight W2 slides on a 
string of length I whose ends are fastened to the ends of the rod. Find the 
distances of W2 from the ends of the rod in the position of equilibriiim. 

{Manchester University, 1905.) 

T aW^ ~ hWi I £ 1 

L ‘ W2 2a W2 ’2a‘J 

20. Equal forces act on a circular disc, one at a point A of its edge, and 
the other at the centre O in a direction perpendicular to OA. Prove that 
they cannot be balanced by a force whose point of application is within 
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the disc unless the angle d between the directions of the equal forces is 
such that 

cos2 0 < 4 cos2 

(Loudon B.A.^ 1908.) 

21. A square board ABCD rests with the plane perpendicular to the 
plane of a smooth vertical wall, one corner A of the board being in contact 
with the wall, and another corner B tied by a string, equal in length to a 
side of the square, to a point on the wall. Draw carefully a diagram 
showing the position of equilibrium of the board, and show that the distances 
of the corners B, C, D from the wall are in the ratios i : 4 : 3. 

(London B.Sc,, 1908.) 

22. Two smooth inclined planes AB, AC, with different inclinations, 
have a common upper horizontal edge through A. Show that a uniform 
string or chain passing over the edge at A and resting partly on both planes 
will be in equilibrium if the two ends are at the same level. 



CHAPTER III 


FORCES NOT IN ONE PLANE AND CENTRE OF 
GRA VITY 

88 . Conditions of Equilibrium.—In Chapter II. we showed how to 
find the resultant of a .system of coplanar forces and deduced the 
equations of equilibrium for such a system of forces. Since we shall 
often have to deal with forces which are not all in one plane, we shall 
now show how to reduce any system of forces to a force and a couple, 
and find the conditions of equilibrium. 

Let three mutually rectangular axes OX, OY, OZ be taken. Then, 
a force Pj acting at a point C, whose co-ordinates are a'i, ji, ziy can be 
resolved into three components X^, Y^, Zj parallel to the axes of refer¬ 
ence. Now let M be the point on the ;v-axis whose co-ordinate is .^i. 

Suppose two forces Zx and 
— Zj are introduced at M 
and a pair of similar forces 
at O. These four forces 
do not add anything to 
the system since they are 
in equilibrium with each 
other. 

The forces Z^ at C and 
— Zj at M form a couple 
whose moment is ^^Zj, 
and it may be represented 
by a vector along OX. 
Again, the forces Z^ at M 
and — Zx at O form a 
couple whose moment is 
— jTxZi, and it may be 
represented by a vector along OY. Thus the force Zx at C is equivalent 
to Zx at O and these two couples. 

Similarly Xx at C is equivalent to Xi at O, and two couples about 
OY and OZ whose moments are ^s^xXx and —^xXi respectively. Also 
Yx at C is equivalent to Yi at O, and couples about OZ and OX whose 
moments are and — ^xYx respectively. Thus the force Pi at C is 
equivalent to Xi, Yj, Zx at O (which have a resultant Pi at O) and 
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couples about the co-ordinate axes. The moments of the couples 
are 

about OX. 

— x{li about OY, 

^lYi —^iXx about OZ. 

Any number of forces acting at different points could be treated in 
the same way. Hence any system of forces whatever can be reduced 
to three forces Z^X, 2 rY, SZ along OX, OY, OZ, and three couples 
about the co-ordinate axes whose moments are S{y 7 j — zY)^ E(zX — xZ)^ 
2 J(xY — yX)y where 

2;x = Xi-f Xa-hXg -f etc.(i) 

EiyZ ~ zY) = (y,Z, - ^^Yi) -f (y^Z^ - ^2^2) + etc. (2) 

with similar expressions for the other forces and couples. The re¬ 
sultant of the three forces through O is a single force R, given by the 
equation 

R = V{(i^X)2 + {2 ;y) 2 + (2;z)2}.... (3) 


and acting along a line through O whose direction-cosines are 
X Y Z 

g-, and Now R cannot be zero unless the three following 
equations are simultaneously true :— 


ZX = o.(4) 

= o.(5) 

27 Z = o.(6) 


Similarly the component couples about the three axes (whose 
moments we shall denote by L, M, and N for brevity) are equivalent 
to a single couple whose moment is given by 

G = + M2 + N2).( 7 ) 

The direction-cosines of the axis of this couple are and 

Just as R cannot be zero unless each of its components is zero, so 
G cannot be zero unless each of its components is zero, that is, unless 


2;(^Z-^Y)=:o.(8) 

2 J(zX — xZ) = o ...... . ( 9 ) 

E{xY ^yX)= o .(10) 


But for equilibrium it is clearly necessary that both the force and the 
couple should be zero. The equations (4), (5), (6) and (8), (9), (10) 
are therefore the conditions of equilibrium of a rigid body acted on by 
any system of forces. 

83 . If all the forces pass through one point {xy j, z)y equations (8), (9), 
and (10) are superfluous, because they follow from (4), (5), ana (6). 
For, since jc, y, and z are the same for every force 

lUjZ - zY) ^ySZ - zEY 
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because Z'Z «= o and ZN = o. Similarly (9) and (10) follow in the 
same way. "i'hus only three conditions are necessary for the equilibrium 
of forces through one point. 

84. Parallel Forces acting at Points fixed in a Rigid Body.— If a 
system of parallel forces F^, F2, F3, etc., act at points fixed in a rigid 
body, we will show that, whatever be the direction of the forces, the 
resultant always passes through another point fixed in the body. This 
point is called the centre of the parallel forces. This theorem has 
already been proved for forces in one plane (Art. 75). We shall now 
prove it for forces in three dimensions. 

Let the co-ordinate axes be fixed in the body. 

Let R denote the resultant of the forces, and let ^ be a point 
on its line of action. Now, since the resultant of a pair of parallel forces 
is a parallel force whose magnitude is the algebraic sum of their 
magnitudes, and since any number of parallel forces can be added two 
at a time, it follow^s that the resultant of any number of parallel forces 
is a force parallel to the given forces, and its magnitude is the algebraic 
sum of their magnitudes. Hence 

R = Fi T F2 4 - F3 + . . • 

= i:F 

If some of the forces F^, F2, F3, etc., act in the opposite direction to the 
others, they must, of course, be considered as negative forces. 

Now — R acting through (ir, J, i) is in equilibrium with the given 
forces. Also Xi = /F2, Yi = ^/Fj, Zj = //Fj, where /, m, are the 
direction-cosines of Fi- Therefore, equations (8), (9), and (10), ap[)lied 
to — R and the given system of forces, give 

E{ynY — zmY) — Jv/R + iwR = o 
E(ziY — xnY) — zlK + xnR = o 
E{xm¥ — y/F) — .ta;/R -f J/R = o 

Since /, w, and are the same for every force we may write the 
above equations thus :— 

n{I!yF-yR) - m(EzF-^zR) o . . . (ii) 

/(EzF — iR) — n(IJx¥ — .vR) = 0 . . . (12) 

- HI) -/( 2 >F -jR) = o . . . (13) 

Now these equations are clearly satisfied for all values of /, /;/, and n, 
provided 

Ex¥ — ^R = o 
Ey¥ - jR = o 
Ez¥ - iR = o 


Sxi 

SxF 

. . . ^ 14 ) 

^ “ R 

Zf * • ' 

Ily¥ 
^ == UP 

> .. 

• . (15) 

. ZzF 


. . . (i 6 ) 


that is, provided 
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The meaning of this result is that, whatever be the direction of the 
given forces, if their points of application are fixed in the body and 
their magnitudes are constant, then the resultant passes through the 
point (^, _y, 2), which is also fixed in the body. 


The three equations (11), (12), (13) are not independent. There are only 
two independent equations, which may be written in the form 

/ m n 


These equations do not detcrmine_^;i', and but they show that, for all 
values of /, w, and the point {x^y, z) lies on a line through the fixed point 

whose co-ordinates are "This is, of course, only what we 

K K K 


should expect, for in seeking J*, and i, we are seeking a point on the line of 
action of R, and our equations naturally give us all points on that line. 
But our equations tell us, in addition, that all the lines of action for different 
directions of the given forces pass through the fixed point mentioned above. 


85 , Gravitation. —It was pointed out in Art. 46 that a body is 
pulled towards the earth’s surface by a force wdhch is called its weight. 
The weight of a body near the earth’s surface is an attraction which the 
earth exerts on the body. Since the earth attracts all bodies near its 
surface it seems natural that it should attract distan t bodies as well. 
Newton discovered and enunciated the law of universal gravitation, and 
this law has never seriously been questioned since his day. The law 
states that tw^o particles of masses and ^2, at a distance r apart, 

attract each other with a force whose magnitude is where #c is a 

constant, which is the same for all particles and all distances, and it is 
called the constant of gravitation. 

The above law, it must be observed, is only true for particles, but 
it will be proved, in the chapter on attractions, that a spherical body, 
whose density at any point depends only on the distance of that point 
from the centre, attracts external bodies with exactly the same force as 
if the sphere were concentrated into a particle of equal mass at its 
centre. Now Kepler had proved from observations that the planets 
describe ellipses with the sun in one focus, and from this fact alone it 
follows that the sun’s attraction on any one planet varies inversely as >*. 
Newton applied his theory to the motion of the moon, and he found 
that this motion agrees perfectly with his law of gravitation. Again, 
another of Kepler’s inferences from observation of the motions of the 
planets leads to the conclusion that the sun’s attraction on any planet 
acts in the line joining the planet to the sun’s centre. These questions 
will be treated again in the chapters on dynamics of a particle. 

All bodies attract all other bodies. The weight of a body is simply 
a particular instance of this general law. All bodies at the earth’s 
surface are attracted towards the earth’s centre with forces which vary 
inversely as the squares of their distances from its centre. The ratio of 
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the force at x feet above the surface to that at the surface on the same 
body 

_^R2 

where R = 4000 x 5280, the earth's radius in feet. 

It is obvious that for all ordinary values of x, ue. for bodies near the 
earth’s surface, this variation with distance is extremely small. For 
this reason we may assume, in most cases, that the weight of a body is 
constant. 

Again, the different particles of the same body at the earth’s surface 
are pulled towards the earth’s centre. But for any body of ordinary 
magnitude the lines joining different particles to the earth’s centre are 
so nearly parallel that we may assume they are parallel. This, then, is 
our assumption : that the weights of the different parts of a body act 
along parallel lines, and the weight of each portion is constant. More¬ 
over, whenever necessary, we assume that the weights of bodies are 
proportional to their masses because the attracting mass is the same for 
every body. 

86. Centre of Gravity.—The weight of a body is the sum of the 
weights of the particles of the body, wliich weights are a system of 
parallel forces. We shall show that the weight of a rigid body always 
acts through a point fixed in the body however it may be turned 
relatively to the earth. This fixed point is called the Centre of Gravity 
of the body. It is sometimes called the Centre of Mass, This latter 
name occurs frequently in dynamics, where it is proved that the point 
has important properties which are in no way related to gravitation. 

We have now to prove that tlie weight of a rigid body does always 
act through a fixed point. 

The weight of a rigid body is the resultant of the weights of the 
particles of the body, these weights being a system of parallel forces 
acting at fixed points in the body. Now as the body is turned relatively 
to the earth the weights turn relatively to the body. The weights are 
therefore such a system of forces as we have dealt with in Art. 84, and 
we showed there that the resultant always acts through a point fixed in 
the body. If axes OX, OY, OZ, be taken in the body and tt/j, a/j, 
etc., be the weights of the particles situated at (xiyiZi), 
etc., the co-ordinates of the centre of gravity are 3 r, J, i, given by the 
equations 

- + . . * Swx 

^ ^ «/i + ze/g -f a/g -f- ... Sw 

'Swy 

Ews 

87 . Suppose we want to find the centre of gravity of a body 
composed of several finite bodies, rigidly connected, of weights a/g, 

etc., whose centres of gravity are known to be at 
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Just as in dealing with particles, we are finding the re¬ 
sultant of a system of parallel forces acting at fixed points in a rigid 
body. The centre of gravity is found by exactly the same formulae as 
if the finite bodies were particles each situated at its centre of gravity. 
Thus equations (17) will give the co-ordinates of the centre of gravity 
of the compound body. 

88 . Continuous Bodies. —The formulae ( 17 ) would not be of much 
use for ordinary rigid bodies, for even though a rigid body is composed 
of molecules it would be a severe task to find the centre of gravity by 
taking account of every molecule. A rigid body is therefore treated as 
a continuous body. That is, we suppose that the mass in a small volume 
surrounding any point in the body varies continuously with the volume. 
To put it in symbols, we assume that, if a small volume bv contains a 

mass 8w, the fraction approaches a finite limit as bv is made 

infinitely small. The limiting value of this fraction is called the density, 
and it will be denoted by p. It follows from this that if m denotes the 
mass of any body 

dm 

dv ^ 

and therefore tn = jpdv 

the integral embracing every element of volume in the body. 

Also in the formulae for the co-ordinates of the centre of gravity we 
can put gdm for one of the o^'s. Thus 

« jx.gdm jxdm 

But dm = pdv. 

Hence 5 = 

m 

If p is constant throughout the body, and V denotes the total volume, 
we get 



with two similar expressions for y and i. 

When we speak of the centre of gravity of an area, it is to be under¬ 
stood that the area is regarded as an infinitely thin uniform plate. 

89 . The centres of gravity of many bodies are known from con^* 
siderations of symmetry. The following are some examples. The 
density is*supposed to be constant unless the contrary is stated. 

(1) The centre of gravity of a thin uniform rod is at its mid-point. 

(2) The centre of gravity of a thin uniform plate bounded by two 
concentric circles is at the common centre of the circles. This includes 
the cases of a complete circular plate (the inner radius being zero) and 
a circular hoop or wire (the inner radius being nearly equal to the 
outer). 

(3) The centre of gravity of a -solid, bounded by two co-axial 
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cylinders and planes perpendicular to the axis, is at the mid-point of 
the axis. If the inner radius is zero we get the case of a complete 
cylinder. 

(4) The centre of gravity of a sphere is at its centre. This is true 
if the density is constant, or if it is a function of the distance from the 
centre. 

(5) The centre of gravity of a uniform rectangular plate is at the 
intersection of its diagonals. 

90. Centre of Gravity of a Parallelogram. —Although it does 
follow from symmetry that the centre of gravity of a uniform thin 

j)arallelogram is at the intersection of its 
diagonals, it is not so obvious as the pre¬ 
ceding examples. We will therefore prove it. 

Let the parallelogram be divided into 
dun equal strips parallel to one pair of sides. 
Let AB be one of these strips, and let C be 
its mid-point. The strip AB is so thin that 
it may be regarded as a uniiorm tliin rod, 
and its centre of gravity is therefore at its 
mid-point C. Now the centre of gravity of all strips such as AB are on 
the line MN bisecting the sides to which the strips are parallel. Thus 
the weight of the parallelogram can be replaced by a series of equal 
forces—the weights of the equal strips—at equal distances along MN. 
The “ centre ” of these y^arallel forces must clearly lie in the line MN. 
because it is a fixed point for all directions of the forces, and if we take 
the forces along MN the resultant must act along the same line. Also, 
since the forces are equal and uniformly distributed along MN, the 
centre of the parallel forces, which is the centre of gravity of the 
parallelogram, is at the mid-point of MN. 

We might have regarded the weights of the strips acting at equi¬ 
distant points in MN as equivalent to a uniform rod along MN, the 
centre of gravity of which we know by symmetry to be at its mid-point. 

91. Centre of Gravity of a Uniform Triangular Plane. —Let the 
triangle be divided into infinitely thin strips, such 
as PQ, parallel to one of the sides. The weight of 
PQ can be reydaced by the weight of a particle of 
equal mass at S, the mid-point of PQ. Hence the 
weight of the whole triangle can be replaced by the 
weights of a series of particles distributed along 
AM, which bisects all strips parallel to BC, But 
these weights are not equivalent to a uniform rod, 
because if all the strips have equal widths the 
particles are at equal distances apart, but they 
increase in weight from A to M. Nevertheless the 
resultant weight does act somewhere in the line 

Fig. 30. AM. Again by taking strips parallel* to the side 

AC it follows that the weight acts through a 
point in the line joining B to N, the mid-point of AC. The centre 
of gravity is therefore at G, the intersection of AM and BN. 



M 
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The third median of the triangle, the line joining C to the mid-point 
of AB, passes through G by a well-known geometrical theorem. Also 
by easy geometry it is proved that MG = |AM, and similarly each of 
the other medians is trisected at G. 

92 . The centre of gravity of a triangular i>late is situated at the 
same point as three equal particles placed either 

(i) at its angular points, 

or (2) at the mid-points of its sides. 

We will prove (i), and leave (2) to be j)roved by the student. 

Suppose three particles each of weight w are placed at A, B, and C 
(Fig. 30). The two weights w at B and C are equivalent to a weight 
2W at M. Now a force 2w at M and a parallel force w at A have a 
resultant yw at a point G' in AM, such that 2MG' = G'A. ^J'hus G' is 
the same point as G, and it is the centre of gravity of the three particles 
at A, B, and C. 

93 . Centre of Gravity of a Uniform Rectilinear Plate. —The 
simplest method of finding the centre of gravity of a uniform plate 
having the shape of a polygon is to divide the polygon into triangles, 
and replace each triangle by three particles at its corners, each particle 
having a mass equal to one-third of the mass of its triangle, and then to 
find the centre of gravity of this system 
of particles. We will apply this method 
to find the centre of gravity of a 
quadrilateral. 

Let ABC!) be the quadrilateral 
divided into two triangles by the 
diagonal BD. The perpendiculars 
from A and C on this diagonal are 
p and q. Now the areas of the tri¬ 
angles, and therefore their weights, 
are proportional to p and q. Let us 
therefore take the weights of ABD 
and CBD to be 3/7i/ and yqw. Then the triangles are replaced by 
particles at the corners so that there is pw at A, q^v at C, and (/ 4 * q)w 
at each of the corners B and D. Then, taking DB as axis of the 
positive direc tion of the axis of y towards C, the formulae 

q'^w — p^w 

gives in this cas« v = 

= 1(9 -P) 

Thus the centre of gravity lies on a line parallel to BD and at a 
distance — p) from it on the side towards C. Similarly the distance 
from the other diagonal can be expressed in terms of the perpendiculars 
from B and D on this diagonal Thus the position of the centre of 
gravity is determined. 


pur 4 - 



Fig. 31. 
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94. Centre of Gravity of a Solid Pyramid of Uniform Density.— 
Suppose the pyramid to be divided into infinitely thin slices parallel to 
the base. Each of these slices is similar to 
the base, and the centre of gravity of each lies 
on the line joining the vertex V to the centre 
of gravity C of the base. The weight of each 
slice can be replaced by the weight of a particle 
of equal mass at its centre of gravity. We 
therefore have to find the centre of gravity of 
a series of particles situated in VC whose 
weights are the same as those of the slices. 

Let g be the centre of gravity of one slice, 
and let y^= x, VC ~ /. If / is the perpen¬ 
dicular from V on the upper plane of the 
Fig. 3a. slice, and / 4- ^ on the lower plane, 

p 

^ = a constant for every slice 
= k say; 

therefore dp = kdx 

Now the area of the slice is proportional to and consequently its 
weight is proportional to that is, proportional to x^dx. Suppose 
the weight is wx^dx. Then 



,/ 0 
'j xhlx 


wf x^dx 


Thus the centre of gravity, G, lies in VC in such a position that 
VG = fVC. 

95. Centre of Gravity of a Cone. —The case of a solid cone need 
not be treated separately. It is included in the pyramids. The method 
used in the last article is applicable to all 
pyramids on rectilinear or curvilinear bases. 
Thus the centre of gravity of a right circular 
cone is on the axis at three-quarters the dis¬ 
tance from the vertex to the base. 

96. Centre of Gravity of a Uniform Eod^ 
in the Form of a Circular Arc. —Let AMB be* 
the arc, and M its mid-point. Let r be the 
radius, and O the centre of the circle of which 
AMB is a part. The angle subtended at O by 
AMB is denoted by 2a. 

Now the centre of gravity lies on OM from 
symmetry. Xet G be the centre of gravity, 
P any point on the arc MA, Q a neighbouring 
Fig. 33. point, MOP « 0, MOQ « 4- d9. If w 
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denotes the weight of unit length of the rod, the weight of PQ is wrdQ, 
Then taking OM as axis of x. 


OG = i = 


f+a 

I wrdO . 
J —a 


r cos d 


1: 


ivrdB 


2 r^ sin a sin a 
2 ra ~ ^ a 


where a in the denominator denotes the number of radians in the 
angle. 

97. Centre of Gravity of a Circular Sector. —The problem is to find 
the centre of gravity of a uniform plate in the form of a circular sector. 
Let the sector be divided into sectors such as OPQ, so small that they 
may be considered as triangles. The area of OPQ 
is \r^dB^ and the distance of its centre of gravity g 
from O is |r. Hence, if G denotes the centre of 
gravity of the sector, taking area for weight, 

f ^f^dO.^r cos 6 
OG := ^ 


/:> 


sin a 





98. Centre of Gravity of a Zone of a Spherical Shell— We shall now 
find the centre of gravity of a portion of a spherical shell of uniform 
thickness bounded by two parallel planes. 

Suppose the zone is generated by the revolution of the arc AB 
about the diameter MOX. Let P 


and Q be two neighbouring points 
on this arc, and let YOP = B, YOQ 
= 0 + 

'Fhe area gene-) 

rated by pqJ = PQ- 

= 27rY^ COS BdB 
I..et 0/ =: Xf = X + dx. Then 
X ss r sin 6 
dx =: r cos B dB 

Hence the area generated by PQ 
27rrdx 
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If G is the centre of gravity of the zone, and if the abscissae of a 
and b are and ^^ 2 ^ then 


00 = -^:' 


27trxdx 

_ 

'X2 

2 Ttrdx 

J Xi 


— i (-^’2 + ^ l ) 


n‘o ►■V’l 


Thus G is at the mid-point of ab^ for it clearly lies on the line MX. 
This result applies to every size of zone, including a whole sphere. 

It follows horn the preceding investigation that the weight of a zone 
of a sphere acts at the same point as a rod along its symmetrical axis 
and bounded by the same planes. 

99. Centre of Gravity of any Solid of Revolution of Uniform 
Density. —Suppose the surface of the solid is generated by the revolution 

about the axis of .:v, of the curve 
Yj whose equation is 

y^f{x) 



P and Q are two neighbouring 
points on the generating curve, p 
and q their projections on the axis 
of X, Let Op = x^ Oq — x dx. 
I'hen VQqp generates a circular 
disc whose volume is 

7 r(/P)2 . pq = Tr)^dx 
Hence, since G is cleaily on OX, 


OG 


fTTJ^dx . X 

j'ny^dx 


\\f{x)fxdx 

\y{x)j‘dx 


The limits for x in the integrals are the values of x at the planes bound¬ 
ing the solid whose centre of gravity is required, that is, the values of x 
at a and b. The formula can only be used, of course, for solids bounded 
by planes perpendicular to the axis. 

Examples.— {a) Right ciradar cone. The equation of the generating 
curve is 

y ^ kx 

the origin being at the vertex. Hence 

k^x^dx 
j k^x^dx 






FORCES NOT IN PLANE AND CENTRE OF GRAVITY 45 


which agrees with the result for a pyramid (Art. 94), of which a cone is 
a particular case. 

{h) Hemisphere. The equation of the generating curve is now 


Hence 


r 

OG 


z=z ^ 

a 


_ J 0 _ p 7 * - 

—- -t/jS 

(^2 _ 

J 0 


= 1. 


(e) Paraboloid of revolution. Here the equation of the generating 
curve is 

= kx 


Therefore, if the solid is bounded by the planes == 

fh 

, xdx 

J (/;3 _ ,73) 


OG 


kx., 

.1 a 


kxdx 


' /^ 2 ' 




100. Centre of Gravity of a Hollow Body with a Symmetrical 
Axis. —We can suppose such a body obtained by rotating the area 
between two curves about the axis 
of X. 

If AB and A'B' are the two 
curves whose equations are 

y =/(•*) 

y = F (^) 

the volume generated by rotating 
a strip PQQ'P' about OX is 

( 11^2 — 7 Ty^)(lx 

= - {F(a-)}2yjc 

Now the weights of the strips are 
proportional to their volumes, and, 
since the density occurs in both numerator and denominator, we may 
take volume for weight. Hence, since G is on OX, 

nr - - {'^(x ) }^]xdx 

~ - {F(y)>]</:c 



We should, of course, get the same result by regarding the hollow 
body as composed of two complete solids of revolution, one generated 
by the curve AB with a positive weight, and the other generated by the 
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curve A'B' with a negative weight. Then, if and denote their 
weights, and Xi, the abscissae of their centres of gravity, we 
should get 

OG = ^ 

Wi “« 7V2 

which will be found to agree with the previous result if iViXi and W2X2 
are calculated by the formula of the last article. 

Example. —A solid is formed by cutting a right circular com 
with height h and radius of base r from a cylinder with the same height 
and same base, 7 b find the centre of gravity of the solid. 

Taking the origin at the vertex of the* cone, the equations of the 
generating curves of the cylinder and cone are 


Hence 



The following method may also be used to these questions. The 
cylinder may be regarded as the sum of the cone and the body whose 
weight is required. Hence the weight of the cylinder is the resultant of 
the weights of the two component bodies. If the weight of the cone be 
denoted by W, the weight of the cylinder is 3 W, and the weight of the given 
body is 2 W. We know that the centres of gravity of the cone and the 
cylinder are at \h and \h from O. Hence, by equating the moments 
about O of the cone and the hollow body to that of the cylinder, we get 


f/4W + 0G.2W = 

Therefore OG = f/4 


It will generally be found safer and simpler to use this last method 
rather than the formula. It will only be necessary to find the volumes 
and centres of gravity of the hollow body and the body which would 
fill the hollow, and these are complete solids of revolution. 

101. Centre of Gravity of a Solid of Variable Density.—Let p be 
the density at any point y, z. Then the mass enclosed by the 
parallelopiped whose edges are dtXy dy^ dz is pdxdydz if the axes arc 
rectangular. Hence 

- _ fjf pxdxdyd z 
^ njp^xdydg 


There are two similar expressions for y and I. 

102. Theorems of Pappus or Guldinus. 

(i) If a plane curve be rotated about any line in its plane, the area 
of the surface thus traced out by the curve is equal to the product of 
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the length of the curve and the distance traversed by the centre of 
gravity of the curve, regarded as a rod of uniform density. 

" (2) If a plane area be rotated about any line in its plane, the volume 

described by the area in its rotation is equal to the product of the area 
and the distance traversed by the centre of gravity of the area. 

These are the two theorems which we will now prove. It should be 
pointed out that, unless we introduce 
negative areas and negative volumes, 
the curve in (i) and the area in (2) 
should lie entirely on one side of the 
axis of rotation. 

To prove (i). 

Let PQ be a small element of the 
curve of length ds^ and let the distance 
of P from the axis be y. Suppose 
the plane of the curve is rotated Fig. 38. 

through an angle Q radians. Then 

the area traced out by PQ = 6 y . ds. Hence the area traced out by 
the whole curve 

« jdyds = djyds 

But if / denotes the whole length of the curve and y the distance of its 
centre of gravity from the axis 

yl = Syds 

Hence the area traced out = Oyl 

Now 6 y is the distance traversed by the centre of gravity of the 
curve. Hence (i) is proved. 

To prove (2). 

Let A denote the area rotated, y the distance of its centre of gravity 
from the axis, dN an infinitely small element of the area, and y the 
distance of this element from the axis. Then the volume described 

= f 6 yd\ = OjydA 
= dyX 

Thus h) is proved. 

lOo. We will give a few instances of the preceding theorems. They 
are useful in helping to recall the positions of the centres of gravity of 
certain bodies. 

{a) Assuming we know the area of a sphere and the length of a 
semicircular arc, to find the centre of gravity of the arc. 

Suppose the arc is rotated about its bounding diameter so as to 
describe a hemisphere. Let r be the radius, 'Phen by Pappus* first 
theorem 

vy .Trr ss 27rr* 

2 

Therefore y = ~~r 

{b) From the volume of a hemisphere and the area of a semicircle, 
to find the centre of gravity of the semicircle. 
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If the semicircle is rotated through two right angles it will describe 
a solid hemisphere. Therefore 


TTyi^Ttr"^) = frr/'* 


whence 



{c) To find the volume of an anchor ring, that is, the solid described 
by rotating a circle about a line in its plane through a complete 
revolution. By Pappus’ second theorem the volume 


= 2 Ttb . TTt^ 


where r is the radius of the circle, and b is the distance of the centre 
of the circle from the axis of rotation. 

(d) From the area and the position of the centre of gravity of a 
triangle, to find the volume of a cone. 

A right-angled triangle of height r and base when rotated about 
its base, will describe a cone with height h and radius of base r. The 
centre of gravity of the triangle is at a distance \r from the base. 
Hence 

Volume of cone = 27 r(fr)(^///') 

= \TirVi 


EXAMPLES ON CHAPTKR III 

1. A tripod is formed of three bars each of length /, attached by smooth 
hinges to a small block from which a weight W is suspended. If the feet of 
the tripod rest on the ground at the corners of an equilateral triangle of side 
a, find the thrust in each rod. 

2. Three strings are attached to points A, B, C, on the ceiling of a room. 
They are brought together at the lower ends and attached to the same point 
D of a weight W. Suppose the vertical plane containing AD cuts BC m K. 
Show that the resultant of the tensions in DB and DC acts along DK, and 
thence prove that the tension in AD is 

^cos AKD 
Sn“ADlC 

3. The tops of the legs of a three-legged table are situated at the corners 
of an equilateral triangle ABC with sides 3 feet long. A weight W is placed 
on the table at a distance 15 inches from BC and 12 inches from CA. Find 
the additional pressure on each leg. 

[The additional pressures on A, B, C, are 048 iW, o'sSsW, 
o*i34W.] 

4. A triangular board ABC is supported at its corners. If a weight W 
is placed at any point D on the board, show that the additional pressures on 
the supports at A, B, C, are proportional to the areas of the triangles DBC, 
DCA, dab, respectively. 
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5. If a smooth sphere whose centre of gravity is not at its centre, 
rests in contact with any number of smooth surfaces, show that the line 
joining its centre to its centre of gravity must be vertical. 

6. Three equal smooth spheres are lying in contact on a horizontal plane 
and are held together by a string. A cube of weight W is placed with one 
diagonal vertical so that its lower faces touch the spheres, and the cube is 
supported in this position by the spheres ; show that the tension in the 
string is 

(London B.Sc., 1908.) 

7. ABCD, ABEF, are two faces of a cube ; there is a system of five forces 
represented respectively by AB, BC, CD, DA, and F£. 

(a) Find their resultant. 

(/f) Show that the first four forces when compounded with any fifth force 
acting along FE will reduce to a single resultant. 

In (/>>), if the direction of the first force is reversed, show that in one 
particular case a force can act along FE such that the five forces cannot be 
reduced to single resultant. 

(Board of Education, Stage 1905*) 

8. ABCD, A'B'C'D', arc a pair of opposite faces of a cube with sides a 
feet, and A A', BB', etc., are perpendicular to these faces. If equal forces of 
magnitude P act along DC, BB', A'D', show that they can be reduced to a 
force along AC' and a couple whose vector is parallcl to the force. Find the 
magnitudes of the force and the couple. 

[V 3 P, V3^P.] 

9. Show that a force at any point can be replaced by an equal and 
parallel force at any other point together with a couple whose vector is per¬ 
pendicular to the plane of the two forces. 

Thence show that, in a number of equivalent sets, each consisting of a 
force and a couple in space, the common parts of every set are, (i) the 
magnitude and direction of the resultant force, and (2) the component of the 
couple vector parallel to the force. 

10. A force F acts vertically upwards through a point at the foot of a 
plane inclined at a to the horizontal. A couple M acts in the inclined plane, 
the direction of its vector being towards the upper side of the plane. Show 
that the force and couple are equivalent to a couple in a horizontal plane and 
an upward force F acting at a point in the foot of the inclined plane at distance 

from the original point of application, the new point of application 

being to the right of the old one from the point of view of a man looking up 
the plane. 

11. Reduce the forces in question 8 to a force at D and a couple. What 
is now the magnitude of the couple, and what is the direction of the vector 
lepresenting it F Show that the component of this couple vector parallel to 
the resultant force is the same as in question 8. 

[The couple is ^sa P parallel to the line joining A to the middle 
of BC.] 

12. Let AB, AC, AD, be three edges of a cube, and consider AD and 
two other edges parallel to AB and AC respectively, which intersect neither 
AD nor one another. Suppose that equal forces P act along these edges in 
the directions AB, AC, AD. Show how to reduce them to a resultant force 
and a couple. Also show how to draw a line along which the resultant acts 
when the plane of the couple is at right angles to the direction of the resultant. 

(Board of Education^ Stage ///„ 1909.) 

£ 
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[Let AZ be a diagonal of the cube, YZ the edge along which the force 
through Z acts. Then the resultant fprce is parallel to AZ, and 
when the plane of the couple is perpendicular to this, the force 

must act at a point in OM distant ~ of an edge from AZ, O 

being the centre of the cube and M the mid-point of DYJ 

13. A uniform rod BC is divided into two parts at A, which are joined by a 
hinge. If AB is fixed and AC moves in a plane round A, show that the 
centre of gravity of the divided rod describes a circle. Also show how to 
draw the circle when AC is one-third of the length of the rod. 

{Board of Education^ Stage II.^ 1908.) 

[The centre of gravity describes a curve similar to the one described 
by C (a circle) with the mid-point of AB as centre of sirnilitude.] 

14. If any portion (of volume tf) of a body or system of bodies (whole 
volume V) be displaced to another position, the displacement GO' of the centre 
of gravity of the whole is parallel to ,^^the displacement of the centre of 
gravity of the portion, and its amount is given by 


Prove this theorem. 

{Board of Education^ Stage IIL Part of a question.') 

15. Three particles, whose masses are P, Q, and R, are placed to the 
corners of a triangle; Q and R remain fixed, while P moves along the sides 
of the triangle successively : show that the centre of gravity of the three 
particles describes the sides of a triangle similar to the given triangle, and 
define the position of this triangle with respect to the given triangle, 

{Board of Education^ Stage ///., 1906.) 

[One side of the triangle lies along QR, the other two meet at G, the 
centre of gravity of P, Q, and R, before P is moved, and the 
triangle is similar to the given triangle.] 

16. A uniform square plate of one foot side has two circular holes punched 

in it, one of radius one inch, co-ordinates of centre (4, 5) inches, referred to 
two adjacent sides of the plate as axes ; the other of radius half an inch at 
the point (8, i) inches : find the co-ordinates of the centre of mass of the 
remainder of the plate. {London Inter, 6W., 1908.) 

[At X = 6*03,7 = ^*05 approximately.] 

17. A hollow conical vessel made of thin sheet metal is closed at its base ; 
if it is cut across by a plane parallel to its base at half the perpendicular 
height, and the upper cone removed, prove that the distance from the base 
of the centre of gravity of the remainder of the vessel is 

2 Ih 

^ 3 ^+ 4 ^ 

where h = the perpendicular height, I = the length of the slant side, r = the 
radius of the base. {London Inter, Scu^ 1907.) 

18. A uniform solid hemisphere of weight W rests with its curved surface 

on a smooth horizontal plane. A body of weight P is suspended from the 
rim of the hemisphere: find the inclination of the base of the hemisphere to 
the horizontal in the position of equilibrium. {London B.Sc,^ * 907 -) 

j^Inclination = tan“^~.^ J 

, 19. Find the centre of gravity of a solid hemisphere whose density varies 
as the square of the distance from the centre of the whole sphere. 

(At of the radius from the centre.] 
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20. Find the centre of gravity of a semicircular disc whose thickness 
varies as the square of the distance from the circumference. 

[ At -- of the radius from the centre. 1 

5^ J 

21. Find the centre of gravity of a solid hemisphere whose density varies 
as the square of the distance from the centre of the curved surface. 

{Manchester University^ 1906.) 

[First show that the mass of a disc of thickness Bx at distance x from 
the centre of the curved surface, is proportional to x^{t^r^ - x^)hx. 
The centre of gravity is from the centre of the curved surface, 
r being the radius.] 

22. Find the centre of mass of half an ellipsoid bounded by a principal 
plane perpendicular to a diameter of length 2d. 

The ellipsoid is cut by a plane parallel to this plane and the thickness of 
the slice is t ; show that the centre of mass of the slice divides the thickness 
in the ratio of ~ : (6^2 — where b is the semi-axis perpendicular 

to the planes of section. {Manchester University 1902.) 

[Answer to the first part: at \b from the centre.] 

23. Find the centre of gravity of a wedge cut from a right circular cylinder 
by a pair of planes meeting in a tangent to a circular section of the cylinder. 
[The centre of gravity is at the middle point of a line parallel to the 
axis of the cylinder, with its ends on the faces of thfe wedge, and 
at a distance i of the radius from the axis.] 

24. Find the centre of gravity of a portion of a right circular cylinder 
terminated obliquely by a plane. 

Whatever be the inclination of the plane to the base, show that the centre 
of gravity can never be at a greater distance from the axis than a quarter of . 
the radius. {Board of Education^ Stage I 11 .^ 1906.) S 

[If L, / are the lengths of the longest and shortest generating lines on 
the cylinder, the centre of gravity lies at the mid-point of a line 

• ^ ^ ^ ^ _ If" 

which is parallel to the axis and at distance from it.] 

25. A cylindrical vessel open at the top is filled with water and hung up 
by a point on its rim ; at first the top is horizontal, but it is allowed to turn 
gradually round the fixed point, and it comes to rest when half the water has 
been poured out. Neglecting the weight of the vessel, show that the ratio of 
the height to the diameter of the base is ^\o : ^/ir. 

{Board of Education^ Stage IILy 1906.) 

26. If G is the centre of gravity of any number of particles, wj, W2) 
etc., in space situated at Tl, I'2. P3. etc., show that the vector sum 


WjPlG -f ^2^2^ ^^gI^sG + etc. 

is zero. 

If Q is any other point, show that 


fni?iQ 4- W2P2Q + + etc. = (wj + ^2 + . . .)GQ. 

[The equation 

mixi + + ^3^3 + ... =(^1 + ^2 + W 3 + . . .)J' 


is the .^-component of the second of the given vector eqi||yons' 
and the equation can be proved at once from the compSnent- 
liquations.] 



CHAPTER IV 

GRAPHICAL METHODS 


104. Graphical Method of finding the Resultant of a Number of 
Coplanar Forces.— Let the given forces be P, Q, R, S, and T, acting as 

snown in Fig. 39A. Draw vectors AB, BC, CD, DE, and KF, to represent 
these five forces in the order named. Then we know that the resultant 

is represented by the vector AF, and what we now require is its line 
of action. 




Take any point O in the plane of the polygon of forces ABCDEF, 
and join O to the corners of the polygon. 

■■■ 

Now the force P, represented by AB, could be balanced by two 

forces represented by BO and OA, if these acted through some point on 
its line of action. Take^ then any point a on the line of action of P, 
and draw through this point two lines ab and az parallel to BO and 
OA, the first of these lines meeting the line of action of Q in b. Again, 
through b draw a line be parallel to CO and meeting the line of action of 
R in c. And similarly cd^ de^ ez, are drawn parallel to DO, EO, and FO. 

Now let us imagine that ab, be, cd, de, ez, za, are light rods, and 
that there are tensions (or thrusts if necessary) in ihese rods which 
are represented by BO, CO, DO, EO, FO, AO. Then, from the 
triangle AOB we see that the tensions in the rods ab, az, will 
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balance the force P ; similarly, the forces Q, R, S, T, are balanced by 
the tensions in the rods meeting on their lines of action. But we are 
left with the tensions at the free ends of the rods az^ ez, unbalanced. It 
is clear that a force at 2: which would balance the tensions there, that is, 

the force represented by FA, would keep the whole system in 
equilibrium. And since the tensions in the rods, regarded as forces 
applied at etc., are a self-balancing system of forces, it follows 

that the force AF acting at z must be the resultant of the given 
forces. 

Hence the polygon of forces ABCDEF gives the magnitude and 
direction of the resultant, and the polygon abcdez, which is called a 
Funiailar Polygon^ gives a point on the line of action of the resultant, 
'riuis the resultant is completely determined. 

The point O need not be inside the polygon of forces. We may 
take it outside the polygon if we choose. It is sometimes impossible 
to take O inside as will be seen in the following case. 

105. Parallel Forces. —The method of finding graphically the 
resultant of a system of parallel forces is essentially the same as that for 
non-parallel forces. 'Fhe only difference is that the polygon of forces 
is a collapsed polygon, all the corners lying on one straight line. We 
will work out an example. 



FlU. 40A. 


Fig. 40B. 


Let it be required to find the resultant of P, Q, R, S, T. Vectors 

AB, BC, CD, DE, EF, are drawn to represent the forces in the order 
named. Then ABCDEF maybe regarded as a closed polygon in which 
the last side FA happens to fall in the same line as the other five. 
There is then no diflerence between the method used here and the one 

given for intersecting forces, d'he resultant is AF, and its line of action 
passes through Z. 

106 . Rigid Frameworks. - The methods of graphic statics can be 
applied to find the stresses in the rods of a framework which is 
just rigid. 

A framework formed of rods, joined together by smooth hinges at 
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their ends, is rigid if its shape cannot be altered without altering the 
lengths of some of the rods. It is just rigid if the shape could be 
altered by removing any rod in the frame. 

A framework is just rigid if the length of every rod is independent 
of the lengths of all the rest, while the distance between any pair of 
hinges, whether connected by a rod or not, depends on the lengths of 
some of the rods. 

Except in particular cases where equal parallel rods are used, the 
number of rods in a framework which is just rigid is less than twice the 
number of hinges by three. 

It does not follow that the frame will be rigid if this numerical 
relation between the number of rods and the number of hinges holds. 
The rods may be so disposed that some parts of the frame have more 
rods than are necessary for rigidity, while the remainder has less. 

Let us consider how a rigid frame could be built up. 

The simplest rigid frame is a triangle. 

Any other rigid frame can be formed by joining one rigid frame 
(or a rod) to another rigid frame by a rigid connection. 


A B 




Fig. 41B. Fig. 41c. 


There are two different ways of joining two rigid frames rigidly 
together. The first is by joining a corner of each to a common hinge, 
and then connecting a rod to one other hinge in each. The second 
method is to join them together by three rods, no two of which coincide 
(ue, no two of which join the same hinges). 

Thus the two triangles ABC, DEF, can be rigidly connected in the 
ways shown in Figs. 41A, 41B, 41c. Every one of these frames is just 
rigid, and in each case the numerical relation stated between the 
number of hinges and the number of rods is true. It is left to the 
student to prove that the relation is true for all frames built up by 
the methods indicated. 

107 . Over-rigid Frames. —A frame containing more rods than are 
necessary for rigidity is otfer-rigid, and any rod that could be removed 
without affecting the rigidity of the rest is a redundant rod. In Fig. 42A 
any rod in the frame is redundant, but in Fig. 42 b any rod except 
BE and CE may be regarded as redundant. 

There may be stresses in an over-rigid frame without the applica¬ 
tion of any external forces. For it is clear that, when a redundant rod 
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is introduced which does not exactly fit the position it is intended for, 
this rod will exert forces on the hinges to which it is joined, and these 
will cause stresses in the other members of the frame. 

In dealing with frameworks joined together.by smooth hinges and 
acted on by forces at the corners only, it is important to bear in mind that 
the action of t ach rod on its hinge is a force along the line of the rod 
itself. For, since there are only two forces on each rod, namely, the 
actions at its hinges, and since two. forces can be in equilibrium only if 




Fig. 42A. 

they act in the same straight line, this straight line must be the line 
joining the two hinges. 'Fhat is, the action of a hinge on any rod 
attached to it is a force along that rod, and the action of the rod on 
the hinge is that force reversed. 

108 . It is necessary to warn the student that the statement in the 
preceding paragraph is true for smooth hinges only. For, by casual 
observation, we learn that, when a rod is attached to a fixed hinge at 
one end, a considerable force may sometimes be applied at right angles 
to the rod at some distance from the hinge without affecting the 
equilibrium. The action of the hinge is not at a point, but is dis¬ 
tributed over a cylinder. The resultant of all these forces acting over a 
cylinder may be regarded as a force^ithrough the centre of the hinge 
together with a couple, and it has been shown in Art. 71 that a force and 
a couple are equivalent to a force 
acting in another line. 

109 . The couple is formed by 
the friction at the hinge. The 
subject of friction will be treated 
in Chapter VII., but we may point 
out here how the couple arises. 

Fig. 43 represents the portion of 
the rod in the neighbourhood of 
the hinge of which A is the Fig. 43. 

centre. When such a force as P 

is applied there is a frictional force called into play at every point of 
contact between the rod and the hinge. These frictional forces act in 
the surface of contact, and their directions on the rod are indicated 
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by the arrows in the figure. The forces perpendicular to the surface 
(which are not indicated in the figure) all pass through A, and therefore 
hare a resultant through that point. If the moment of the frictional 
forces about A is sufficient to balance the moment of P, there can 
clearly be equilibrium. 

It is obvious that the smaller the radius of the hinge (or axle) is, the 
less is the moment of given frictional forces about A, and consequently 
the less P would have to be for equilibrium. Thus, although there is 
always some friction at a hinge, if the hinge has a small radius and the 
forces applied to the frame are large, so that the couple at any hinge is 
small compared with the product of the smallest of the applied forces 
and the length of a rod, w^e are justified in treating the hinges as 
smooth. In this chapter we shall deal with smooth hinges only. 

110. Stresses in a Framework acted on by Forces at the Hinges 
only. —The method will be shown by an example. We will find the 
stresses in the framework whose rods form the sides of the quadri¬ 
lateral ABC!) and the diagonal BD (Fig. 44A), when known forces 
P and Q are applied at A and B, a force R, whose direction only is 
known, is applied at C, and another force keeping the whole in equili¬ 
brium is applied at D. No other forces are supposed to act on the system. 

Acting on the hinge at A are three forces, namely, P, and the 
thrusts (or tensions) of the rods AB, AD. Since the hinge is in 
equilibrium we can find the thrusts in the rods from a triangle of 
forces. We begin then by drawing this triangle of forces; it is the 

triangle named a^y in Fig. 44B. On the same scale as aj8 repre¬ 
sents P, the vector ya represents the force which the rod AB exerts on 

the hinge at A. Consequently ay represents the action of the same 
rod on the hinge at B. We are now in a position to find the stresses 
in the rods BC, BD, by considering the equilibrium of the hinge 

at B. We draw Sa to represent the force Q. The vector for Q is put 

in this position because we wan^j.8y to give the resultant of the two 
known forces at B, namely, the force Q and the thrust in the rod AB. 
We, now draw yc and 8€ parallel to the rods BD and BC. Thus 
Saye is a polygon of forces for the actions on the hinge at B; and since 
these forces are all to be taken from one corner to the next in order, the 

forces on the hinge at B are 8a, ay, ye, and €8. These tell us that 
there is a tension in the rod BD and a thrust in BC, since the action of 
BD is away from the hinge and that of BC is towards the hinge. 
We next draw 8£ and parallel to the force R and the rod CD. The 
actions on the hinge at C being represented by the sides of the triangle 

the magnitude of R is determined, and it is seen that there is a 
tension in the rod CD whose magnitude is represented by ef. The 


actions on the hinge at D are represented by ey, and yjS. Hence, 
for th^ equilibrium of this hinge, there must be a force given by 



GRAPHICAL METHODS 


57 

applied to it. A dotted line is drawn in Fig. 44 a to indicate this 
force. Thus the stresses in all the rods are determined as well as the 
elements of the external forces which were not given. 

It will be seen that the essential part of the process consists in 
drawing a polygon of forces for the actions at each hinge, starting at a 
point where only two rods meet and a known force acts whenever this 
is possible. If no such point exists some preliminaiy work is neces¬ 
sary which will be indicated in Art. 114. 




111 . Whenever a rigid framework at rest is adted on by a system of 
external forces, these forces must, of course, satisfy the general conditions 
of equilibrium. We could not therefore arbitrarily fix the forces at all 
the hinges ; three elements must be left to be determined by the three 
conditions of equilibrium for coplanar forces. In the problem worked 
out the three elements which are left undetermined are (i) the magnitude 
of R, and (2) and (3) the two components of the force at D. Fig. 44B 
shows that the four external forces have no single resultant since they 
form the sides of the closed quadrilateral 

llJ^. As we have pointed out before, there may be initial stresses In 
an over-rigid framework without the application of any external forces, 
owing to the imperfect adjustment of the lengths of the rods of the 
frame. If there is only one redundant rod in a frame we can find the 
ratios of the initial stresses in the rods by considering the thrust (01 
tension) in this redundant rod as two forces applied at the hinges to 
which it is attached. The problem is then exactly similar to the one 
we have just worked out. An example will make the process clear. 

113 . Determination of Initial Stresses. —The frame ABCD 
(Fig. 45A), with two diagonal rods AC, BD, is over-rigid, and has one 
redundant rod. Any rod in the frame can be considered redundant 
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since the frame would be rigid whichever were removed. Let us 
assume a thrust in one rod, say BD, and find the stresses in the remain¬ 
ing rods. 

It is not necessary to give the details of the construction of the 
stress-diagram, Fig. 45 b. The force marked with any number in the 




stress-diagram is the stress in the rod with the same number in the frame. 
Also the lines in the stress-diagram are drawn in the orders of their 
numbers. We start at the corner B and then proceed to C. We have 
then found all the points a, / 3 , y, and the stress 6 being the only 
one that has not been determined in the process. But we need no new 

—1 1 1 % 

points to find the actions on the hinge at D, for Sy and yjS are two of 

them ; the remaining one must therefore be given by ^8. 

It can easily be proved by geometry that 8^ is parallel to AD. 
For, by similar triangles, 

OA _ cua 
^B“c^ 

OB _ ory 
OC coa 

OD cuy 

Multiplying corresponding sides of these three equations together, 
we get 

OA __ coS 
OD 

Also by construction OA and OD are parallel respectively to <uS and 
<oj8. Hence the two triangles OAD and are similar, and their 
corresponding sides are parallel. 

By consulting the stress-diagram and considering the forces at the 
different hinges, it will be seen that, if BD is in thrust, AC is also in 
thrust, and the other four rods are in tension. Also the equilibrium 
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would be undisturbed if all the tensions were changed to thrusts, and all 
the thrusts to tensions. 

114 . It often happens that more than two rods meet at the hinges 
where the known forces act. In such a case we have no simple starting- 
point for the stress diagram as we had in the two previous examples. 

In such a case we have to do some preliminary work so as to 
determine an unknown force at a hinge where two rods meet, or else to 
determine the stress’ in one of the rods which is joined to only two 
others at a hinge. 

These two methods apply to totally different cases. The first 
applies to the case of a frame which does contain a hinge at which 
only two rods meet but where an unknown force acts. The second 
applies to the case where two rigid frames are joined together by any 
of the methods explained in Art. io6. 

The first case is very simple. We consider the equilibrium of the 
frame as a whole, and determine, either by the method of the funicular 
polygon or by analytical methods, the forces applied at all the hinges. 
Then since there is one corner where only two rods meet the procedure 
is the same as in Art. no. 

116 . But when two rigid frames are jointed together there may be 
no hinge of the frame at which only two rods meet, as will be seen on 
examining Fig. 41c. Here, as in the preceding case, we had better 
begin by determining the forces applied at all the hinges by considering 
the equilibrium of the framew'ork as one rigid body. Then, whether 
the two parts of the frame are joined together by a hinge and a rod, or 
by three rods, we can find the stresses in the rods connecting the two 
parts by considering the equilibrium of either part. Thus, if they are 
connected by a hinge and a rod, the stress in the rod is found by taking 
moments about the hinge of all the forces acting on one part (including 
the stress in the connecting rod) and equating their sum to zero. This 
will give the stress in the rod. 

If the two parts are connected by three rods we can find the stress 
in any of the three by taking moments, about the intersection of the 
other two, of all the forces acting on one part and equating the sum to 
zero. This will give the unknown stress. Thus, if we choose, we can 
find the stresses in all the three rods in turn by this method. 

The preceding rules are sufficient for any case where the stresses 
are determinate. 

Two examples will now be wwked showing the application of these 
rules. 

116 . ABCDE (Fig. 46A) is a given framework having known loads 
P and Q at B and C, and supported at A and D by vertical forces. The 
stresses in the members are required. 

We cannot start at either of the corners B or C and determine the 
stresses in the rods meeting there, because three rods meet at each point 
and an infinite number of sets of forces along three concurrent lines can 
be found to balance any given force through their point of intersection. 
We are obliged, therefore, to start at A or D. But in order to do this 
we must first determine the force at the corner where we intend to begin* 
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Let us suppose that R has been determined either by the method 
given in Art. 104, or by taking moments about D for the equilibrium of 
the framework. Then the closed and collapsed polygon a^rjea (Fig. 46B) 
is drawn to represent the forces on the framework. The triangle apy 
is formed to give the actions on the hinge at A. The actions at B are 




now obtained by completing the quadrilateral eaySe. Next the 
quadrilateral eS^rje is completed for the actions at C. 'Fhen the line 
5 j 3 represents the stress in DE. JjS should, therefore be parallel to 
DE, and the error in the direction of this line will give some idea of the 
accuracy of the working. 

117 . Let us now consider the frame in Fig. 47 a. Here the central 
triangle DEF is rigidly connected to ABC by three rods, and the 
triangle GHK is rigidly connected to DEF in a similar manner. The 
rods BF and EH are supposed to cross without interfering witl each 



GRAPHICAL METHODS 


6l 


other. The three triangles so connected form one rigid frame. Equal 
loads W act at E and F, and the structure is supported by vertical 
forces W at A and K. 

In this frame there is not a single hinge at which only two rods 
meet. We are obliged, therefore, to find the stress in one of the rods 
before we can begin to draw the stress-diagram. 

The triangle GHK is a rigid body joined to another rigid body by 
three rods, and acted on by known forces. Consequently we can find 
the stress in any of the connecting rods by taking moments, about the 


B H 



Fk;. 47«* 


intersection of the other two, of all the forces acting on the triangle, 
including the stress required, and equating the sum to zero. 

By taking moments about the intersection of EG and DK we find 
that the stress in EH is a tension of magnitude about 079W. Now 
we can start at the hinge H and describe the stress-diagram shown in 
Fig. 47B. The same number is attached to a member of the frame and 
to the line in the stress-diagram representing the stress m that inember. 
The numbers also indicate the order in which the stresses are obtained 
in the diagram. Thus i, 2, 3, are obtained from the triangle for the 
hinge H; then 2, 4, 5, are the stresses at G; 3, 4, 6, 7, are the forces at 
K, of which 6 was the only unknown force. Since each polygon of 
forces will give us two new forces, we may allow the stress-diagram to 
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give us W at K by drawing the stress marked 6 parallel to DK. The 
error in the magnitude of W so obtained provides us with a check on 
our working. Now we proceed to the hinge F. In this case, because 
the loads and the frame are symmetrical, the stress in BF can be 
inferred from the stress in EH, to which it is obviously equal. That 
leaves only the two stresses marked lo and ii undetermined, and these 
we find from the polygon for F. 

If the loads had not been symmetrical we should have calculated 
the stress in BF by the method used for the stress in EH; that is, by 
taking moments about the intersection of AD and EC for the equilibrium 
of the triangle ABC. 

There is no need to proceed further. The rest is all straightforward. 
In the present case, on account of the symmetry of the loads, the stresses 
in the other half of the frame can be inferred from those already found. 

118. Stresses due to Forces applied at Points of the Rods other 
than the Ends. —When forces are applied to one rod of a framework at 
points other than the ends, we can find the stresses in the other rods if 
we replace these forces by two equivalent forces at its hinges and use 
the method of Art. no. But this method will not usually give the 
stresses in the particular rod to which the forces are applied, for it is 
easy to show that if the applied forces have components along the rod 
the tension or thrust in the rod is different on opposite sides of a point 
where a force is applied. Hence the stress is different at different 
points of the rod, and the method of Art. no cannot indicate this since 
it will only give one stress for each rod. 

To illustrate how the stress alters on passing a point where a force 
is applied let us suppose a weight W is attached to a point C of a 
vertical rod AB. The tension just below C is equal to the sum of all 
the downward forces on the portion of the rod below C. The tension 
just above C is equal to these same downward forces plus the weight W. 
Thus on passing C there is a sudden alteration in the tension by an 
amount W. Moreover, if the weight of the rod itself be taken into 
account, there is a continuous increase in the tension in going up the 
rod, because the weight of rod below any point increases with the 
distance from the lowest point. 

Nevertheless, although the stress-diagram will not immediately give 
the stresses in the framework, it can be used to get the actions of each 
rod on the hinges as we will now show by an example. From the 
reactions of the hinges on the rods and the known applied forces the 
stresses in the rods can be calculated. 

119. Example of Framework with Forces applied to the Rods. 
—Suppose we want the actions at the hinges in a triangular framework 
Tormed of three equal uniform rods when the only actions on them are 
their own weights and a supporting force at one corner, A. 

Let W denote the weight of one rod. 

Now it is clear that the actions of any one rod on its hinges will not 
be altered if that rod is replaced by a light rod with two equal weights, 
each equal to attached to its ends. If we make this same substitu¬ 
tion for each rod we shall get a different system of stresses in the rods, 
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but we shall leave the actions at the hinges unaltered. After these 
substitutions we may consider each hinge and the weights concentrated 
near that hinge as one particle, and then use the same methods to deal 
with these compound particles as we have previously used for hinges. 
Thus in Fig. 48A the particles at B and C are each acted on by W, made 
up of JW from each of the rods meeting at those corners. At A a force 
2W acts upwards, this being the resultant of half the weights of the rods 
meeting at A and 3W upwards. 

Now ajSy is the triangle of forces for the equilibrium of the particle 
at C ; yp 8 for the particle at A; and Say for the particle at B. 



Fig. 48A. Fig. 48B. 


Now the light rod AB, which has taken the place of the given one 

acts on the particle at B with a force represented by yS, and this 
action is transmitted by the end of the rod to the hinge at B. But, in 
addition to this, the weight attached to the end of AB must be 
supported by the hinge. Hence the whole action of the rod AB on the 

hinge at B is the resultant of yS and .^W downwards; the whole action 

is y€, where € is the mid-point of aS. Similarly the whole action of AC 

on the hinge at C is ^y. Again, the action of AB on the hinge at A is 

the resultant of 8y and downwards, that is, rjy where rjS represents 


^W. The actions of the two hinges at A and B on the rod AB are yri 


and €y respectively. The resultant of these is erj, which is an upward 
force balancing the weight of the rod. 

130 , When forces are applied to the rods of a framework, the 
method to be used to find the actions of the rods on the hinges may be 
briefly stated as follows:— 

isi Step. Replace the forces on each rod by two equivalent forces 
at its hinges. 
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2/id Step. Find tlic actions of the rods on the liinges due to this new 
system of forces by the method of Art. no. 

2^rd Step. To the action of each rod on a hinge as given by the 
second step add the force which has been transferred from tiie rod to 

that hinge, and this gives the 
true action of the rod on the 
hinge. 

It may seem that the above 
process does not give a definite 
result because the first step 
can be performed in an infinite 
Q number of ways. Suppose F 
is a force which has to be 
replaced by forces at A and 
49 * B, and let P and Q be one 

pair of equivalent forces. We 
could replace F by a pair of forces P^, Qi along any lines through A 
and B which intersect on the line of action of F. But it is easy to 
prove that 

Pj = P -f (a force X along BA) 
and Qi = Q + (a force X along AH) 

Now, the only eifect which the two forces X at A and B along BA and 
AB respectively would piroduce on the framework would be a tension 
in the rod AB. Now suppose the stress-diagram gives a tension 'P in 
the rod AB. Then the true action of AB on the hinge at A, due to the 
forces P and Q, is the resultant of P and a force T along AB. The true 
action on the hinge in the second case would be the resultant of P^ and 
a force‘T + X along AB. But since P^ is equivalent to P and —X 
along AB, the action on the hinge given by both pairs of forces is the 
same. It follows, therefore, that we may replace F by any pair of forces 
through A and B which are equivalent to F; so that the indefiniteness 
in the first step does not lead to an indefinite result, but merely gives a 
greater freedom in the intermediate steps. 


EXAMPLES ON CHAPTER IV 

I. Draw a triangle ABC with BC vertical, and suppose it to represent a 
frarne of weightless bars. A weight W is hung from A, and BC is kept 
vertical by being fastened to a wall at two given points X and Y. Find the 
stresses in AB. AC, and the forces at X and Y caused by W. 

{Board of Education^ Stage III.^ 1909*) 
AB 

[If B is above C there is a tension in AB equal to . W, and a thrust 
AC 

in AC equal to . W. The forces at X and Y are separately 

indeterminate, but the sum of their upward components is W, and 
their horizontal components form a couple which balances the 
moment of the weight about X or YJ 
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2. ABC is a given triangle in which AB and AC are equal. Let AC and 
CB be two rods joined by a smooth hinge at C ; AB is a string joining the 
ends A and B. The system stands upright with AB horizontal and C above 
AB. If a given weight is suspended fiom C, find the stresses in AB, BC, 
and CA, putting the weights of the rods out of the question. 

Verify your results by considering the case in which ABC is an equilateral 
triangle. {Board of Education^ Sta^e;e II 1906.) 

[If 0 denotes one of the equal angles in the triangle, the tension in 
the string is ~W cot ^ cos 2^, and the thrusts in AC, BC are 

W cot 6 and - W respectively.] 
sin ^ 

3. A triangular frame of jointed rods ABC, right angled at A, can turn 
freely about A in a vertical plane. The side AB is horizontal, and the corner 
C rests against a smooth vertical stop below A. Find (graphically or 
otherwise) the stresses in the various bars due to a weight W suspended 
from B. 


Determine the stresses numerically when AB — 3 ft., AC = i ft., 
W = 50 lbs. {London Inter, Sa\, 1904 and 1906.) 

[Tensions of 150 lbs. and 50 lbs. in AB and AC, thrust of 50^10 lbs. 
in BC.] 

4. A light framework of freely jointed rods, in the form of a right-angled 
isosceles triangle, is suspended from the right angle. Weights w and 210 are 
suspended from the other two joints. Determine the stresses in the rods. 

{London B.Sc.,, 1907*) 


[If ABC is the triangle, and the weights zw and w are at B and C, 
. 6 \ 

then there are tensions—v w and w along AB and AC, and a 
V 5 V 5 

thrust along BC.] 


5. A framework ABCD is formed of four equal rods of negligible weight 
and a fifth stiffening rod BD. The frame is suspended by the hinge A, and 
a weight 130 lbs. is attached to C. Find graphically the stress in BD if the 
angle at A is 60°. 

[About 75 lbs.] 

6. A rigid rhombus OABC is formed with five equal light rods com¬ 
posing the sides and one diagonal AC, which is vertical, the joints being 
smooth hinges. Another equal and similar rigid rhombus OPQR is attached 
to the first one by the hinge at O, and the two are symmetrical about the 
vertical through O. The highest points, A and P, are joined by another 
rod. A weight of three tons is suspended at O, and the whole is supported 
by vertical forces at B and Q. Find the stresses in AC and AP. 

[A thrust of 1*5 tons in AC, and a thrust of 5*2 tons in AP.] 

7. Points A, B, C, D, are taken on a straight line such that AB = ^ F 5 C = CD. 
On AB, BC, CD, and on the same sides of these, are described equilateral 
triangles, AEB, BFC, CGD. EF and FG are joined. The complete figure 
represents a system of freely jointed light rods in a vertical plane, with AD 
horizontal and lowest. Supports are placed at A and D, and weights of 4 
and 6 tons are hung from B and C respectively. Draw a force diagram for 
the system. Thence determine the stresses in the rods which meet at F, 
indicating which are tensions and which are thrusts. 

{London B.Sc,^ 1907*) 

[Thrusts of 4*5 and 5*5 tons in EF and FG respectively, and tensions 
of 375 and 2*02 tons in BF and CF.] 

8. AB, BC, CD, are equal lengths on a horizontal line. On the upper 
tides of these lines equilateral triangles ABX, BCY, CDZ, are drawn. Also 

F 
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XY and YZ are joined, and the whole figure represents a framework of rods 
joined by smooth hinges. If loads of 7 and 4 tons are suspended from B and 
C and the frame supported at A and D, find the stresses in BC, BY, CY. 

[Tension of 6*35 tons in BC, tension of 1*155 tons in BY, thrust ol 
1*155 tons in CY.] 

9. ABCD is a straight line trisected at B and C, and BCEF is a square. 
Let AF, AB, BF, BE, FE, BD, ED be rods forming a freely jointed frame¬ 
work, and let this framework be supported at A and D so that AD is 
horizontal, and BF vertically upwards. Find, by graphical construction, 
the thrusts or pulls in all the rods due to a weight W placed at E. 

{London B.Sc., 1908.) 

[In the following table a thrust is reckoned positive :— 

Rod . . AF AB BF BE FE BD ED 

Stress. . —W --W -V -W --W 

3 333333J 

10. ABOC, PQOR are two similar frames in the form of rhombuses 
connected by a hinge at O, and stiffened by diagonal rods BC and QR. 
The corners A and P are attached to two fixed pins in a horizontal line. 
The frames are in one vertical plane and lie entirely above AP. The rods 
AB, PQ are each inclined to AP at 30°, and the rods AC, PR, at 60®. If 
a load of 4 tons is suspended from O, what are the consequent stresses in 
the rods ? 

[First show, by considering the equilibrium of one rhombus, that the 
line of action of the force at the support passes through O. 

In the diagonals of the rhombuses there are tensions of 0*758 of a ton, 
and in all the other rods thrusts of 1*464 tons.] 

11. AB, BC, CD, DE, B^, Cc, Dd are seven equal light rods, the first 
four horizontal and the last three vertical, all the joints being smooth hinges. 
The whole frame is kept rigid by rods joining A^, B^*, Dc, Ed, be, cd. Loads 
of 5, 3, and 7 tons are supported at B, C, and D respectively, and the 
frame rests on supports at A and E. Find the stresses in the rods B^r, BC, 
CD, D^:. 

[Tensions of 9 tons in each of BC, CD ; thrusts of 2*83 and 1*41 tons 
in and D^.j 

12. ABCD, PBCQ are squares on opposite sides of BC, and E is the 
/entre of the latter square. A framework is made of weightless rods AB, 
AD, DC, BC, DB, BE, CE, freely joined to one another. A is freely 
pivoted to a smooth vertical wall, and D presses against the wall below A. 
A weight W is hung from E. Calculate the stresses in all the rods. 

{London B.Sc., 1910.) 

[Tensions of|w, ^W, W, ^W, in AB, BC, AD, BE; thrusts of 
iw, V2W, ^W, in DC, BD, CE.] 

13. Five uniform rods form the sides of the rhombus ABCD and the 
diagonal BD, which has half the length and half the weight of a rod forming 
a side. If the weight of BD is iv^ and if the frame is suspended by the 
hinge at A, find the action on the hinge at B of each of the rods joined to B. 

[BD exerts a thrust vi 6 won B and a downward force hw ; AB exerts 
a tension 3*6274/ and a downward force w ; BC exerts a tension 
I *0374/ and a downward force 

14. A and B are two points on a vertical wall to which two rods AD and 
BC, perpendicular to the wall, are attached by hinges, A being vertically 
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above B. The weights of these rods are 2 cwts. and 10 cwts. respectively, 
and act at their middle points. Light rods join BD and DC. The angles 
DBC, DCB are 30® and 60® respectively. Find the tensions or thrusts in all 
the rods, and find the action of AD on the hinge at A. 

[Tensions of 13*28 cwts. and 5*77 cwts. in AD and DC respectively ; 
thrusts of 2*89 cwts. and 12 cwts. in BC and BD. The action of 
AD on A is 13*32 cwts., the resultant of the tension 13*28 cwts. 
and a downward force i cwt] 

15. ABCD is a trapezium formed of bars of negligible weight freely 
jointed at the vertices, the parallel sides being BC and AD ; the joints B 
and D arc also connected by a bar. The figure is placed in a vertical plane 
with the joints A and D resting on fixed smooth pillars of the same height. 
From the middle point of BC is suspended a load W. Being given that 

AB - 13, BC = 26, CD := 15, DA = 40, 
prove that the stress in BD is a tension equal to 

iJLondoii Inter* Honours Maik^ iQOJ*) 



CHAPTER V 


WORK AND ENERGY 


121 . Definition of Work.—If a force F, which is constant in magni¬ 
tude and direction, acts on a paiticle during its displacement from A to 
B, then the product of AB and the component of F along AB is called 
the work done by the force in this displacement, if 



the direction of F makes an angle Q with AB, the 
work done is 

W = F cos 0 AB 
= F(AB cos d) 

=: F X (the component of AB along the line 
of action of F) 


Thus the work done is the product of the magnitude of either of the 
vectors F or AB and the component of the other parallel to this vector. 

If ^ is a right angle the work done is zero, and if 6 is greater than a 
right angle the work is negative. The sign to be attached to the w^ork 
depends, it will be seen, on the relafive directions of the force and the 
displacement. 

The preceding definition only applies to a constant force. We will 
now extend the definition to embrace variable forces, when the motion^ 
takes place along any curve. 

Let the curve be divided into small elements so short that they may 
each be considered straight. Let ds be the length of one of these 
elements, and let T be the component force along the tangent to the 
curve. If dRN is the work done in the displacement ds^ this work 
done is 

dN = Hds 


Whence 


£W 

ds 


= T 


and 


W = /IVx 


Example. — A particle i$ attracted towards a fixed point with a force 
which varies inversely as the square of the distance from the pointy If 
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the particle moves along' a straight line AB, to find the work done by the 
attraction in the displacement. 

Let P be any point on AB, and let AP — a:, 

OP = r. Then if the attraction is -5 


T 


, cos OPB 


c X 


where c = AM and M is the foot of the perpen¬ 
dicular from O on AB. 

Hence, if AB = /, OM = p 



W 


k{c — x)dx 


{/2 4 - - x )^- 


_V 

l{p2 + (c-x)^}Uo 




h 


<p 2 + 

K K 

OB "" OA 


02+^2)^ 


122. Work done by a Couple in a Small Displacement.—Let equal 
and opposite forces F and — F forming a couple, act at points A and B 
fixed in a rigid body. 'Suppose 
the body moves so that AB is dis¬ 
placed to A'B'; then, of course, 

A'B' = AB, since the body is 
rigid. 

A'b is drawn equal and parallel 
to AB. Also A'M, bnj B'N are 
drawn perpendicular to the forces 
of the couple. Then the w^ork done 
by the forces of the couple is 

W = F.BN - F. AM 
c= F(Bw 4“ ;2N — AM) 

:=z¥.nN 

since B// = AM from the geometry 
of the figure. Thus 
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W = Work done by — F in the displacement /;B' 

= X (component of — F along ^B') 

= A'B' . 0 (component of — F along />B') 

approximately, since 9 is small, 
= 6 X (moment of — F about A) 

= ^ X (moment of couple) 


Thus the work done by a couple in a small displacement of the rigid 
body on which it acts is simply the product of the moment of the couple 
and the angular displacement of the body in the direction in which the 
couple turns. In a motion of translation without rotation, such as from 
AB to A'^, no work is done by the couple. 

123 . Fi^jite Displacement.— The work done by a couple of moment 
N, whether constant or variable, in any angular displacement from di to 
02 of the rigid body to which it is applied, is 

I\l9 

since is the work done in a small displacement. If N is constant 
this gives M(^2 ^i)* 

124 . Several Couples. —If several couples whose moments are Nj, 
N2f N3, etc., act on a rigid body, the sum of the work done by ail the 
couples is 


r'N.lO -f + r'No^/9 + ... 

Je, lex jdi 

«= / Vi-f No + N, + . . 

J ^1 

f6> 

= / 2:n . 

J h 

where is the sum of the moments of the qouples, which is equal to 
the moment of the resultant cou})le. 

125 . It has been proved in Art. 71 that a force F acting at any point 
in a rigid body is statically equivalent to an equal force acting at any, 

other point in the body together with a 
couple. We will now show that in any dis¬ 
placement of the body, the work done by 
the force is equal to the work done by the 
equivalent force and couple. 

Let A be the point of application of a 
force Fi, B any other point fixed in the 
rigid body. A force F2, equal and parallel 
to Fi, and an equal but opposite force Fj, 
are introduced at B. 

In any displacement whatever the whole work done by the force Fg 
and the couple formed by Fi and F3 is merely the work done by the 
forces Fi, F2, and Fg. But the work done by F2 and Fs is zero in any 
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displacement, because their point of application has the same displace¬ 
ment, and one force is the negative of the other. Thus the work done 
by the force F2 and the couple is reduced to the work done by F^, and 
this is what we set out to prove. 

126 . The Sum of the Works done by Several Forces acting at the 
same Point is equal to the Work done by their Resultant. —Suppe se 
the whole displacement of the point is divided up into a succession of 
small displacements each of which may be considered straight. Let 

AB (Fig. 50) be one of these small displacements. 

Then the work done by the several forces is equal to the product of 

OA and the sum of the components of the forces along OA. But this 

sum is equal to the component of the resultant of the forces along OA. 
Hence the sum of the works done by the forces is equal to the product 

of OA and the component of the resultant along OA, which is the work 
done by the resultant. Thus the theorem is proved. 

127 . Work done by any System of Coplanar Forces.—It has been 
shown in Art, 72 that any system of coplanar forces acting on a rigid 
body can be reduced to a force through any chosen point in the body 
together with a couple. It will now be shown that the work done by 
the system of forces is equal to the work done by the force and couple 
to which the system reduces. 

Each given force can be reduced to a force through the chosen point 
and a couple. Now the work done by all the forces is equal to the 
work done by all the couples together with the work done by all the 
forces acting at the chosen point. But the work done by all the couples 
is equal to the work done by the resultant couple, and the work done by 
all the forces acting at the chosen point is equal to the work done by the 
resultant of all these forces by the last article. Thus the theorem is 
proved. 

128 . Analjrtical Expression for the Work. —We will now express 
in analytical form the work done by a system of coplanar forces Fj, Fg, 
etc. Let axes OX, OY, fixed in space, be taken, and let any force Fj 
acting on the rigid body be replaced by a couple Nj and two component 
forces Xj and Yj parallel to the axes and acting at a point fixed in the 
rigid body whose co-ordinates are x and y. Suppose any line in the body, 
parallel to the plane of the axes, turns through an angle dB while x and 
y increase by dx and dy. Then the whole work done in any displace¬ 
ment is 

iy.dx -f jYdy + jNdff 
where X = Xj + X2 + etc. 

Y = Ya + Yg + etc. 

N = Nx + Ng + etc. 

129 . In finding the work done by a force, any point in the line of 
action of the force may be regarded as its point of application. For if 
A and B are any two points in its line of action, the motion of these 
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points along the line AB is the same in any displacement of the rigid 
body in which they are fixed. This follows from the fact that the length 
AB is invariable—since they are points fixed in a rigid body—and 
therefore there can be no relative motion of the points A and B along 
the line AB. Thus, whether we consider the force to act at A or B, the 
work done will be the same, because the displacement in the direction 
of the force is the same at both points in any interval of time. 

130 . If the point of application of a force acting on a rigid body is 
not fixed in the body, but shifts from point to point, the work done in 
any small displacement is obtained by multiplying the force by the 

common displacement, along the line of 
action of the force, oi the particles of 
the rigid body lying in that line. To 
make this point quite clear, suppose a 
force F is applied to a particle A of a 
rigid body at any instant, and suppose 
that after a short interval of time' A has 
moved to N and the point of application 
of the force is now B, another particle 

in the body. Ka and Ah are the components of AA' and AB along the 
force. Then the work done in this displacement is F. Aa, and not 
F. Ah. 


B 


A 


A 


a 

Fig. 54. 


131 . Rate of doing Work. —Suppose a force F is applied to a 
particle, which may be part of a rigid body or not, and suppose the 
displacement of the particle in an infinitely short interval of time dt is 
ds in a direction making an angle d with F, then the work done on the 
particle in this interval by the force F is 


dW = F . ds . cos 6 


Hence, the rate at which the force does work is 


dW 

dt 


=: F COS d 


ds 

It 


= FV cos e 


where V is the velocity of the particle, and V cos Q is, of course, the 
component of this velocity in the direction of F. 

If the force F and the displacement ds be each resolved into two 
components parallel to a pair of perpendicular axes in their plane, the 
components of the force being X and Y, and those of the displacement 
dx and then the work done is 

d\N = y;.dx + Ydy 

^ ^rdx , 

Therefore ~ 

= X?/ + Yv 

where u and v are the component velocities of the particle* 
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It is easy to prove that the two expressions for are equal. Foi 
let F and ds make angles a and ^ with OX. Then 
X = F cos a, Y = F sin a 
n =zN cos jS, V V sin p 

Therefore Xu -i- Yv = FV(cos a cos -f sin a sin p) 

= FV cos (a — p) 

= FV cos 0 

since (a — p) = ± d 

132 . If a couple of moment N acts on a rigid body, and if dd is the 
angular displacement of the body in radians in an infinitely short 
interval of time, the work done by the couple in this time is 

dW = NdO 


Hence the rate at which the couple does work is 

dW 
-dt = 

= Noj 


where a# is the angular velocity of the body in radians per unit 
time. 

The rate at which a body does work is called its poiver, A practical 
unit of power is a horse-power^ which is taken as 33,000 foot-lbs. per 
minute, and is WTilten one H.P. 

133. Work done by the Weight of a Particle in any Displace¬ 
ment.— Suppose a particle of weight w travels along any curve from a 
point at a height zq above some fixed horizontal plane to a point at a 
height Zx above the same plane. To show that the work done by the 
weight is -~-w{zy — 2^0)- 

Let z be the height of the particle at any instant. Then dz will 
denote the vertical displacement of the particle corresponding to any 
small displacement along the curve. The work done in an upward 
displacement dz is the product of the whole force w and the com¬ 
ponent {--dz) of the displacement in the direction of the force ; that is, 
the work done is --wdz. Hence the work done in the whole dis¬ 
placement is 

pi 

— I %vdz = — — ^0) 

J *0 

This is the work done by the weight. The work done by the 
lifting force, if this force just balances the weight, is the negative of the 
above, namely, — 2^0)- 

184. Total Work done by the Weights of a Number of Particles 
during given Vertical Displacements.— Suppose the weights of the 
particles are etc., and their initial and final heights are 

Hi Hi H'} Then the total work done is 

-{rt>i(zi - jsi) + wzizz - Z2) + ^3(^3 -%)+•••} 

«= - + UI3Z2 + W3Z3 + . . . + W^Z^ + W2Z3 +...)} 
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But if z and i' are the initial and final heights of the centre of 
gravity of the particles, 

{Wi + + ^^'3 4“ . . .)^ = + . . . 

-f W2 + + . . •)z’ = + 7 £' 2 - 2 ' 4 * + . . • 

Hence the work done 

= -(7C'l + 7i'2 + n’3 + . . .)(b' - z) 

=r —(i' — z)Ew 


where Zic* is the sum of the weights. 

Thus the work done is the same as if the whole weight were con¬ 
centrated at the. centre of gravity and had the same displacement as 
that point. This result is true whether the particles form part of one 
body or are absolutely independent of each other. 

As an example, suppose a weight W of liquid is poured from one 
vessel into another at a lower level. The work done by gravity on the 
liquid during the whole process is equal to the product of W and the 
vertical drop of the centre of gravity of the liquid. 

134 £z. Examples on Work. 

Example i. —A magnet of length 1 and pole strength m is situated in 
a uniform field offorce of strength H. To find the work done by the forces 

in the field as the magnet is 
B rotated through two right 

angles frofu the equilibrium 
position. 

There is a force 
acting at each end in oppo» 
site directions parallel to 
the lines of force. Suppose 
is the angle through 
which the magnet has turned at any instant. Then the two forces form 
a couple whose moment is wH/sin B, Hence the work done 


mH 



Fig. 55. 



mill sin 6 i ,0 ^2mill 


0 


Otherwise,—VI^ niight have found the work done by each force and 
added the results. Thus the work done by the constant force mVi 
acting at one end is equal to m\l multiplied by the displacement of 
that end in the direction of the force, that is wH( —/). Thus the whole 
work is --imYll. 

Example 2. —The flywheel of an engine makes 100 revolutions per 
minute, A brake is applied to the wheels the moment of the friction about 
the axis of the wheel being 10,000 foot-lbs. Find the horse-power of the 
engine if the speed remains constant. 

The work done per minute, by Art. 132, 

» 10,000 X 2007 T ft-lbs. 
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Hence the power of the engine 

= H.P. = jgoi H.P. 

33,000 

136. Potential Energy.—For many kinds of forces in nature it is 
found that the work done in any displacement of the bodies on which 
they act depends only on the initial and final positions of the bodies, and 
not at all on khe path taken between these positions. That is, if we 
take some fixed position as starting-point, the^work done by any of these 
forces in bringing a body to any other position, whose co-ordinates 
referred to three axes in space are x, y, and depends only on these 
co-ordinates, and is therefore a function of x, y, and z. If W denotes 
the work done in bringing the body from the starting-point to any other 
point, there is a single value of W, for every point in space. This is 
expressed mathematically by saying that W is a single-valued function 
of the co-ordinates of the point. VVe shall call W the work function. 

It is convenient to introduce another function V, such that V + W 
is constant for all points. 

V is called the Potential Energy of the body. Strictly we ought to 
call it the potential energy of the body J and the forces, since there 
could be no potential energy without the forces. 

Since V 4 * W is constant, it follows that, if an amount of work 8W 
is done in any displacement, there is a loss of potential energy of 
amount 8\V. If 8V denotes the increase of potential energy, we have 

8V = -SW 


Since we shall need only differences of potential energy in different 
positions, we can choose any position we like as the position of zero 
potential energy. 

186. Criterion for the Existence of a Potential or Work 
Function. —We shall now show what test can be applied to discover 
whether a given force or system of forces have a potential or work function. 

Let the force or forces acting on any particle be resolved along 
three mutually perpendicular axes, and let the components of all the 
forces along these axes be X, Y, and Z. Then the work done in a 
small displacement whose components are dx^ dy^ and dz is 

= ILdx -f Ydy + Zdz 


Now if a function f{x^ y^ z) can be found such that 

Wx~ by ' Bz ^ 

the expression for /W takes the form 

= -df 


• . (a) 


where df denotes the whole increase in f{x^ 7, z) due to the increases 
dx, dy^ dz. 


* For brevityy'is written for/(x, s) in several places. 
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Therefore W = z) + C 

and the potential energy is 


if we drop the useless constant. 

It is evident, then, that if the equations (a) are satisfied a potential 
function does exist. Now the conditions that X, Y, and Z should have 
the forms given by equations (a) are the following three* — 


dy dx 
SY ^ < 9 Z 
dz ~ dy 
dZ 

dx dz ) 


(P) 


If the forces are all parallel to the xy plane we need only the first of 
these conditions, since both sides of each of the other two equations are 
zero because Z is zero everyw^here, and X and Y are not functions of z. 

We will work a few examples to show how the potential function 
is found in particular cases. 

Example i. —FinJ the potential function^ if there is one ^ for the forces 
whose components are X = kx, Y = ky, Z = kz + c, where k and c arc 
constants. 


Here etc., are all zero. Hence the conditions (j 3 ) are 

satisfied; that is, a potential function does exist. Therefore, if V 
denotes this function, 




dY 

dz 




These three equations show that 

Y == ^If(x^^y 2 + z 2 )^cz 

which is the potential function required. 

If ^ = o and c = —w in this example, we get the potential energy 
of a body due to its vifeight. The axis of z is vertical, the positive 
direction being upwards. Then 


Y =z wz 


Example 2. —Suppose the force is an attraction towards (or repulsion 
from) a fixed point, and the magnitude of the force is a function of the 
distance r from the fixed point Jo show that a potential function exists 
and to find it. 

Taking the origin at the fixed point, and taking the magnitude of the 
force, directed away from the origin, to be F(r), we get 

X=^F(r). Y=^F(r), Z = ^F(r). 
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because the force makes angles with the co-ordinate axes whose cosines 

X y z 
are - and 


r r r 

Now 

X,-/ A 



iiS\ ly/ 


But 

= x^ -j- y^ 4 * 


Differentiating with respect to keeping and z constant, we 

get 

whence 

dr 

dr y 
^~r 


Therefore 



Similarly 




II 


Thus the first of the conditions (j 3 ) is satisfied. And from 
symmetry it is clear that the other conditions are satisfied also. Hence 
a potential function exists, and we have now to find it. 

Now we know that 


dV X c-/ V 

dx = - 7 --^(^>=-dx-^^''> 


Similarly, 

5 V , 5 V dr ^ 

dy ~ dy^^''^> de ~ • 



Now suppose f{r) = —/F(ryr 

hfkr)) = X % 

dr 


Then 
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Hence V = f{r) 

= -\Y{r)dr 

This is the potential function required. The following are particular 
cases of the above :— 


¥(r) = kr. 

V = 

-kkrK 

- . k 


k 


V = 

r 

k 


T k 

FW = -,3. 

V = 



137 . If the potential energy of a particle in two positions are Vj and 
V2, the work done in the displacement from the first to the second 
position is — (V2 — Vj). If the particle, after any series of displacements, 
comes back to the first position, the work done is — (Vi —Vj^), that is, 
nothing. Hence no work is done on a particle by forces which have a 
potential when the particle describes any closed curve so as to come 
back to the starting-point. Now we can prove that the converse of this 
is true, namely, that if no w^ork is done on a particle when it describes 
any closed curve, then the forces acting on the particle have a potential, 
For, let AMPNA be any closed curve. Then 

work done along ANP + work done along PM A = o 

Also, because AM PM A is a closed curve, 

work done along AMP + work done along PM A = o 

These two equations give 

work done along ANP = work done along AMP 

Thus the work done in going from A to P by any path is the same; that 
is, the work depends only on the initial and final positions of the 
particle. Hence the work done in going from any standard position 
to any other position {x^ y, z) is a function of the co-ordinates only; 
which means that a work function, and therefore a potential function, 
exists. 

When a system of forces have a potential function they are said to 
be conservative forces. 

138 . It is clear that forces which reverse their directions when the 
direction of motion is reversed cannot be conservative. For instance, 
a force which always acts against the motion, such as fluid resistance 
and friction between solids, is not conservative. In any displacement 
w^hatever such forces do negative work, and therefore the work done in 
a closed path is a negative quantity and not zero. In such motion 
energy is lost to the system. That is, the energy represented by the 
negative work is no longer in mechanical form in the system composed 
of the bodies exerting the forces and the body on which they act But 
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this energy is not annihilated; it exists largely as heat in these bodies, 
but it is not immediately available for mechanical work. 

139. Stable and Unstable Equilibrium. —If, when a body is slightly 
displaced from an equilibrium position, the forces brought into play are 
such as will move the body back towards the equilibrium position, then 
the equilibrium is said to be stable; if the forces will move the body 
further from the equilibrium position the equilibrium is unstable ; and if 
no forces are brought into play the equilibrium is neutral. 

A needle standing on its point with its centre of gravity vertically 
above the point of support is in unstable equilibrium. A cylindrical 
rod lying with its axis horizontal on a horizontal table is in neutral 
equilibrium. But a rod with an elliptic section lying on a horizontal 
table with its shorter axis vertical would be in stable equilibrium. 

It is evident that rest in a position of unstable equilibrium is 
practically impossible for any length of time. Even”supposing a needle 
could be placed with its centre of gravity exactly above its point, we can 
imagine numerous sources of disturbance which would quickly displace 
it from this position and consequently destroy the equilibrium altogether. 
We need only mention air-currents and the minute oscillations produced 
in the supporting body by the jolting of distant objects on the earth’s 
surface as some of the disturbances which are constantly at work. 

140. Conditions of Stability for a Body with One Degree of Free¬ 
dom. —Suppose a rigid body is so constrained that only one geometrical 
quantity need be known in order to fix its position. It is then said to 
have one degree of freedom l.et 0 be a geometrical quantity which 
determines its position, and let us assume what is usually true in practice, 
namely, that there is a work function. That is, we shall assume that 
the work done on the body in bringing it from any standard position is 
given by the equation 

w =f(e) 

Now let T be the resultant force on the body in the position 0 , and let 
ds denote the displacement, in the direction in which T acts, of the 
particles of the body lying in the line of action of T, when B increases by 
dd. The work done during this displacement is Tds. Hence 

dW =Tds 

that is, f(e)de = Tds 

d 9 

Therefore T =f( 0 )^ 


Now for equilibrium it is only necessary that T should be zero, 
in an equilibrium position 

/'(<=o 


Hence 


Now to avoid a difficulty here we will suppose that 9 is so chosen that 
dO 

^is never zero. This is always possible, for there are innumerable 
geometrical quantities each of which could be used to fix the position 
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of a body with one degree of freedom. It is only necessary that B 
should be a geometrical quantity which continually increases (or con¬ 
tinually decreases) as the body is moved in the same direction. 

With the above assumption concerning the condition for equi¬ 
librium is 

rm = o 

The roots of this equation are the values of Q in the equilibrium 
positions. Let ^ denote one of these roots so that /'{Bq) = o. We 
have now to test whether the equilibrium at 6 ^ is stable or unstable. 

Suppose the body receives a slight displacement from the equibrium 
position given by dB. Then the force brought into play is dT say. 

Now the condition for stability is that this force should have the 
opposite sign to ds, for then the force and the displacement are in 
opposite directions. Thus for stability 

cTV 

must be negative. 

that is, negative. 

But /'(Bq) = o. Hence for stability 

/'w(f)* must be negative, 

that is, /"(Bq) must be negative. 

The conclusion is, therefore, that if 

w =/(e) 

there is stable equilibrium where B = Bq, provided 

f(0o) - o, ^ 

and /"(^o) js negative. 

These are exactly the conditions that W should be a maximum when 

Similarly it may be proved that if W is a minimum the equilibrium 
is unstable. 

If it happens that /"{Bq) = o, the force brought into play in a small 
displacement dB will have to be found by Taylor’s theorem. It will still 
be found, however, that the conditions which make W a maximum or 
minimum will give stable or unstable equilibrium. 

If W is neither a maximum nor a minimum the equilibrium is neutral 
or unstable. If ifT is absolutely zero the equilibrium is neutral; but if 
dl has the same sign as ds for displacements in one direction, and the 
opposite sign for displacements in the other direction, then the equi¬ 
librium is really unstable, because, after any small displacement, the 
body is certain to get on the unstable side after a short time. 

If V denotes the potential energy of the body, we have 

V = c- w 
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Consequently V is a maximum when W is a minimum, and vice 
versd. Hence V is a minimum in a position of stable equilibrium, and 
a maximum in a position of unstable equilibrium. 

141 . Particle on a Smooth Curve as Illustration.—If the body 
whose stability is being considered is a particle of weight w which is free 
to move on any smooth curve under no forces except its weight and 
the normal reaction of the curve, we get 

W = 

where z is the height of the particle above any fixed horizontal plane. 

Now we must choose some geometrical quantity which increases or 
decreases continuously from one end of the curve to the other, and 
suppose W expressed to terms of that quantity. If the curve is such as 
that shown in Fig. 56, where one value of a horizontal co-ordinate, 



corresponds to one and only one point on the curve, we can take x as 
the geometrical quantity required. Then the condition of equi¬ 
librium is 

And for stability 

d^\N 

= a negative quantity. 

These conditions are the same as the following two 

dz 


(Ez 

^2 = ^ positive quantity. 

Thus the equilibrium is stable at the points A, C, and F, unstable at 
B [and D. At E the first condition is satisfied, but not the second. 
But it is obvious that if the particle were displaced from E towards D 
it would fall back and go beyond E towards F, and then leave E alto¬ 
gether. Such a position as E can therefore only be correctly described 
as unstable. 


o 
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It should be noted that z could not have taken the place of B in the 

dz 

general investigation of Art. 140 , because is zero at several points. 

The direction of the resultant force and therefore of is, of course, 
along the tangent to the curve at every point. 

142. The results in the preceding'.paragraph can be applied to a 
rigid body whose centre of gravity is constrained to move along the 
curve ABh", because the work done by the weight as the centre of 
gravity is raised to a height z is ^7vz just as for a particle. Hence a 
rigid body constrained to move in any way is in stable equilibrium 
when its centre of gravity is at a minimum height. 

We will work out a few examples. 

Example i. — To find whether a solid hemisphere is stable or unstable 
resting on a honzontal table with its plane end horizontal and uppermost. 
Fig. 57A represents the body in the equilibrium position, and 57B in 
a disturbed position. 




In the second position the height of the centre of gravity G above 
the supporting plane is 

OC - OG cos COP 

which is greater than 

OC - OG, 

the height in the equilibrium position. Hence the equilibrium is stable. 

Example 2. —A uniform rod AB rests with its ends ofi two smooth 
inclined planes which are at ri^ht angles to each other and meet in a hori¬ 
zontal line. If the rod is constrained 
to remain in a plane perpendicular to 
the line of intersection of the planes^ 
to find its position of equilibrium,, 
and whether the equilibrium is stable 
or not. 

As the rod AB moves about 
subject to the given constraints, it 
is clear that G describes a circle 
whose radius is equal to half the 
length of the rod and with centre at 
O. The rod will be in equilibrium 
when G is at the greatest or least height. Thus there is equilibrium 
when G is vertically above O, but the equilibrium is unstable because 



Fig. 1^8. 
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the height is a maximum. There are no other equilibrium positions 
except when one end of the rod is at O. 

Example 3. —Everythmg is the same as in the last question except 
that the centre of gravity G divides 
the rod into two parts^ AG and GB, 
whose lengths are a and b. 

Now let GN, the height of 
the centre of gravity, be denoted 
by z. Then 

^ = NP + ?(; 

= OM sin a + MG cos a 

= BG cos 6 sin a 

+ GA sin Q cos a 

= b cos Q sin a a sin 6 cos a 

Therefore -^ 0 sin a 4- cos d cos a 

do 

d^z , . . 

^2 ^ cos o sin a 

dz 



a sin (7 cos a 


For equilibrium = o, that is 

tan B cot a 
0 

For all possible values of b^ and a, there is always a value of B 
less than a right angle which will satisfy this equation. That is, there 
is certainly one equilibrium position. But for such a value of B both 

sin B and cos B will be positive. It follows, therefore, that 

negative in the equilibrium position. Hence s is a maximum and the 
equilibrium unstable. 

Example 4, —A uniform rod of length 2I has 
its lower end attached by a light string of length r 
to a point O, and it is constrained to pass through 
a fixed point K at a distance c vertically above O. 

To show that the rod is stable in the vertical 
position if 

/< 

r 

Denoting the height of the centre of gravity 
above O by we have 


5=0M 
= NM - NO 
= / cos ^ — r cos B 


(0 
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( 2 ) 

( 3 ) 


The potential energy is therefore, 

V = w{l cos <f> ^ r cos d) , . , , 

where 7V is the weight of the rod. 

XT i. JL ^ ^ 

Now tan 0 = - .. 

c A- r cos 0 

so that ^ may be regarded as a function of 0. 

Differentiating (i), we get 

- / sin ^ + r sin 0 ).( 4 ) 

^•02 = ^ sin +r cos . ( 5 ) 

Again from ( 3 ) 

^/(/) r-f-rcos^ 

sec^ 0 = r, ” —n o . . • - (o) 

In the vertical position of the rod 0 and ^ are each zero, and 
therefore 

^ r 

50 z- -f- ^ 

Hence in the vertical position 


^’0 


'2V C 

>e po: 

5, for 

/ < ^ 




For stability this must be positive, because the potential energy 
must be a minimum That is, for stability 



143. One body rests on the highest point 
of a fixed body, the upper body being free 
to roll without sliding on the lower body. 
If the possible motion is parallel to a 
fixed plane, and if the sections of the two 
bodies by a plane parallel to this fixed 
plane and passing through their point of 
contact are circles, to find the conditions of 
stability. 

Referring to Fig. 61 , A' was in contact 
with A in the equilibrium position; G is the 
centre of gravity of the supported body. 
R and r are the radii of the sections of 
the supporting and supported bodies; and 
A = A'G. 

In the disturbed position the height of G above O, the centre of the 
supporting body, is 

« = (R + r) cos 0 — CG cos (0 + <p) 
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Now since the motion has been rolling motion, the arc AP = the arc 
A'P, that is Rd = rtf). Hence 

2 = (R + r) cos 0 ^ (r — /i) cos (^1 + 

The condition for stability is that 2 should be a minimum when 

0 = o, or ^^2 must be positive when ^ = o. Now 




= -(R + r) cos e + (r- cos 


which becomes, on putting (? = o, 

^02 = - t 

Thus, for stability when A' is in contact with A, we must have 
(r - //)— 2 -I > o 


or 


r2 + rR - /ir - /iR - > o 


or 


I I , I 

7 > + ~ 

a R r 


144. The result of the last article can be applied to bodies which 
have not circular sections, provided we replace R and r by the radii of 
curvature of the sections at the points A and A'. For, the stability or 
instability of the equilibrium depends on whether the path of G 
is concave upwards or downwards in the neighbourhood of the 
equilibrium position ; that is, it depends on the curvature of the path of 
G, which clearly only depends on the curvature of the rolling and the 
supporting curves. 

The proof for any curves can be made rigorous, and will be very 
much the same as that for circles, but it would be rather tedious. We 
shall therefore let the above general explanation suffice. 

If the curvature of either the supporting or supported body is in the 
opposite direction to that shown in the figure, the corresponding radius 
of curvature must be considered negative. Thus, if the upper body is 
concave downwards, and its radius of curvature is the condition for 
stability is 

III 


If either curve is a straight line, the corresponding radius of 
curvature is, of course, infinite. 

145. We will now apply the formula for stability to a few examples. 
Example i. — To test whether a solid hemisphere is stable when stand* 
ing on a sphcf e of the same radius a with its plane end tipper?nost. 

Here h = ^a, r = R = a 

8 I Lii—f 


Therefore 
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Thus 

and the equilibrium is unstable. 

Example 2. —To show that the hemisphere in the preceding example 
would be stable when standing with its plane end uppermost on the top of 
the solid obtained by revolving the parabola y2 = 4 ax about the x^axis^ 
which is vertical and downward. 

The highest point of the given parabola is at the origin, and we 
have to find the radius of curvature at that point. 

Differentiating both sides of the equation 

= /^ax 
dv 

we gel = 4 ^ 

Differentiating again, after dividing by 2 /, 

d*^y 2 a dy 4 ^^* 

dx^ ~ ~ >'2 • dx 

Hence, if R denotes the radius of curvature, 
d^y 4a^ 

I dx^ __ _yf _ 4^^ 

^~[i + ~ (i + ~ 

At the highest point, where ^ == o, 

I I 

R 2 a 

I 8 ^ ^ * I 

M 5tr’ a' R ““ 2 a 

1138 
R r 2 a 5 a 

and the equilibrium is stable. 

146. A body which has more than one degree of freedom may be 
stable for some motions and unstable for others. For example, a long 
cylinder resting in a symmetrical position on the top of a sphere would 
be stable for rolling in the vertical plane containing its axis, and un- 
•stable for rolling in the vertical plane perpendicular to this last plane. 


Then 

Therefore 


EXAMPLES ON CHAPTER V 

I. A uniform flexible rope is wrapped round a cylinder whose axis is 
horizontal, and the length of the rope is equal to the circumference of the 
cylinder. Its free end is at the end of a horizontal diameter. The cylinder 
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is tumed through a right angle so that the free end falls through a length 
equal to a quarter of the circumference. Find the work done by gravity. 

{Board of Education^ Honours^ 1908.) 

where w lbs. is the weight of one foot of rope, and r 


K?-') 


feet is the radius of cylinder.! 


2. Two rods, each of length I and weight w, lie on a line of greatest 
slope of a plane inclined at a to the horizontal, and are hinged together, the 
two rods lying in one straight line. Find the work done by gravity when 
the lower end of the lower rod is pushed up the plane until its distance from 
the upper end of the upper rod (which is binged to the plane), is x, the rods 
always lying in a vertical plane. 

[ —zz/{(2/ — x) sin a 4- ^ cos aVV" “ foot-lbs.] 


3. The earth attracts a body of mass m lbs. at a distance r from its 

centre with a force lbs., a being the earth’s radius. Find the work done 

by this attraction while the body moves from an infinite distance to the 
surface of the earth along any path whatever. 

[ma foot-lbs., a being in feet.] 

4. A body travels along a straight line AB, and is attracted towards A 


and B by forces and ^^when its distances from these points are r and rj 

respectively. Let C and D be two points between A and B, and let AB = /, 
AC DB = ^. Find the work done on the body while it moves 
from C to D. 


l - b a'^ b I - a\ 


5. Find the equilibrium position of the body in the last question, and 
show that this equilibrium is unstable 

Equilibrium at /. ' j 

6. Two equal masses m attract each other with a force -^2“ ibeir 

distance apart is r. If they move towards each other at the same rate, show 
that the work done by either mass on the other in any relative displacement 
is half of the work that one of the masses would do on the other if the 
first remained at rest while the other moved the whole distance. 

7. Find the potential of the force which has the components 

X = - ^TTKpXf Y = o, Z = o. 


(This is the potential inside an infinite slab.) 

[V = 27 rKpx^ 4. C.] 

8. Find the potential of the force of attraction inside an infinite 
cylinder of density p, the components of the force being X = 

Y = — 2frKpy, Z = o. 

[V = nKp(x^ 4- J'2) 4- C.] 


9. Find the potential, at distance r from the centre, of the force of 
attraction inside a solid sphere of radius a, the components of the force 
being 

X = -tTTKpjr, Y = Z - - 



88 MECHANICS OF PARTICLES AND RIGID BODIES 


Determine the potential completely by using the condition that 
V = — iiTKpa^, where + ■s'^) = 

[V = TTKpC^r^ - 2a^).'] 

10. Find the potential of the force the components of which are 

X = “k "? , Y = Z = with the condition that V = o where 

f'O f'O 

r = 00, being + ^ 2 ). 

b ■ -?] 

11. Show that the force whose components are 

y — Y — Z — o 

^ - -^- 2 -+ 3 ; 5 » ^ 4 -^ 2 ’ ^ 

has a potential, and find it. 

[V = K log, +_y2 4 - C.] 

12 . Show that the force whose components are 




has a potential, and find that potential. 


13. Prove that a tumbler of thin glass, composed of a cylindrical part 
and a hemispherical base, will stand upright on a table if the height does 
not exceed the diameter, and liquid poured into it will not disturb the 
equilibrium before it reaches the cylindrical part. 

{London Inter, Sci.^ 1902.) 

14. A light cord is attached to a fixed point O, and passes over a fixed 
pulley Q at the same level as O and at a distance c from it, and supports a 
weight W attached to its end ; another weight w smaller than 2W, is slung 
freely on the cord between O and Q. Determine the depth below OQ at which 
the weight will be in equilibrium, and show that the equilibrium is stable.* 

(Lofidon Inter, Sci,^ 1900.) 


\i. _ E _.] 

[2 V(4W2 -m-2)J 


rv(4W2- 

15. Four equal light rods, each of length /, are joined together by 
smooth hinges to form a rhombus ABCD. A weight W is attached to the 
lowest hinge C, and the frame is hung on two smooth pegs in a horizontal 
line at distance 2a apart, each of the rods AB, AD, being in contact with a 
peg. Show that there is an equilibrium position with all the rods inclined 

at the angle cos“^ ^ horizontal. (Assume that AC is con¬ 

strained to be vertical.) 

16. A sphere of radius r has its centre of gravity at distance b from its 
centre. Show that it can rest on a rough plane at inclination o to the 
horizontal provided r sin a is less than assuming that there is enough 
friction to prevent slipping. If the condition mentioned is satisfied, show 
that there are two positions of equilibrium, one stable and the other 
unstable. 

[In the equilibrium positions the radius on which G lies is inclined <^t 


sin”^ sin to the vertical.] 
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17. An isosceles triangle ABC, with AB = AC, is formed with three rods, 
and it carries weights so attached that the centre of gravity of the whole lies 
on the bisector AM of the angle A, at a distance I from A, The triangle is 
hung on two smooth pegs in a horizontal line at a distance 'la apart. As 
long as AB and AC are in contact with one of the pegs A will describe a 
circle passing through the pegs. Show that th® centre of gravity of the 
system is (/ — 2r cos 0) cos 6 lower than the lowest point of this circle when 
AM is inclined at 6 to the vertical, r being the radius of the circle. Thence 
show that the equilibrium will be stable with AM vertical provided I > 4r. 
If this is not stable, find the inclination of AM to the vertical in the stable 
position. 

I^If /< 4r, equilibrium is stable where cos $ = 

18. Using the result of the last example, show that a rigid square frame, 
which has its centre of gravity at its centre, will be in stable equilibrium 
hanging on two smooth pegs in a horizontal line with one diagonal vertical, 
provided the distance between the pegs is less than quarter of a diagonal. 

19. A uniform beam of length / rests with its ends on two smooth planes 
which intersect in a horizontal line. If the inclinations of the planes to the 
horizontal are a and / 3 , ^ being the greater, show that the inclination, of 
the beam to the horizontal in one of the equilibrium positions is given by 

tan 9 = |(cot a - cot p) 

and show that the beam is unstable in this position. 

[Hint. —Show that the height of the centre of gravity above the level 
of the intersection of the planes is 

—gi n (a ^ ^{sin a sin - 6) + sin /3 sin (o + 9 )}.] 

20. A solid cylinder, of height h and radius z', is suspended from a point 
in a smooth wall by means of a string of length I which is attached to a 
point on the circumference of the middle section of the cylinder. Show 
that, when the string is inclined at an angle 9 to the wall and the axis of the 
cylinder is in the same vertical plane as the string, the centre of gravity is 
at a distance 

ilr 

I cos 0 -f- -r sin 9 
h 


below the level of the upper end of the string, 
in the equilibrium position. 


Thence find the value of 9 


21. If the string in the last question had a length h and were attached 
to a point on the circumference of one end, show that the inclination of the 

string to the vertical in the equilibrium position would be tan“^ 


22. A string of length I is attached to a point on the rim of the base of 
a solid hemisphere of radius r, and the upper end of the string is fastened 
to a point on a smooth wall. If 9 and denote the angles which the string 
and the base of the hemisphere make with the vertical when the body is in 
equilibrium with its curved surface touching the wall, show that these angles 
satisfy the equations 

/sin ^ = r - r sin ^ 
tan ^ = tan ^ ~ 3 
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23. A helix is a curve on the surface of a cylinder which cuts the circular 
sections at a constant angle, which is called the pitch angle. 

A bead is put on a smooth helical wire with pitch angle a, and the axis 
of the helix is inclined at the angle ^ to the vertical. Show that the positions 
of equilibrium are given by 




Sin^ = 


t an g 
tan p 


where 6 is the angle, measured round the axis of the cylinder, from the 
lowest generating line, in the direction leading down the spiral. 

What condition must j8 satisfy that equilibrium may be possible? 

[j8 must be greater than a.] 

24. A rod is hung from a smooth peg by means of a string attached to 
its ends and passing over the peg. Show that the rod is unstable when it is 
horizontal. When is the rod stable ? 

[The rod is stable when it is vertical.] 

25. A rigid body is suspended by means of a string which passes over a 

smooth peg and is attached to two points, A and B, of the body. When AB 
is horizontal the peg is at a distance d vertically above the mid-point of AB, 
and the centre of gravity of the body is at a distance c vertically below this 
same point. If the length of string is 2/z, show that the body is stable with 
AB horizontal provided ^2 ^2 And if this position is unstable, then 

in the stable positions AB is inclined to the vertical at the angle 


tan“^ 


ac 

[(«2 - ^ 2)2 ->^ 2 }* 
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VIRTUAL WORK 

147 . Principle of Virtual Work for the Forces acting on a Particle. 
—If a number of forces act on a particle, then in any c'.onceivable 
small displacement of the particle tlie work done by the forces would 
be equal to the'work done by their resultant. If the given forces are 
in equilibrium, this work in any conceivable displacement would be 
zero. This is true whether the displacement considered is an actual 
displacement of the particle or not. It simplifies many problems in 
mechanics to make use of the work w'hich would be done on a body in 
an imaginary small displacement, and the work of any force for such a 
displacement is called the Virtual Work of the force. It is assumed 
that the forces remain constant in magnitude and direction during the 
displacement. The principle of virtual work for a particle may be 
stated thus : The virtual work of a system of forces in equilibrium^ which 
act on a particle^ is zero for all displacements, 

148 . The converse of the principle of virtual work is also true, 
namely, that if the virtual work of the forces acting on a particle is zero 
for all displacements^ then the forces are in equilibrium. For we know 
that the resultant of such a sy.stem of forces can only be a force acting 
on the particle. And if this resultant were not zero the work done 
could not be zero for displacements in the direction of the resultant. 
But by hypothesis the work is zero for all displacements. Hence the 
resultant must be zero. 

149 . Principle of Virtual Work applied to Rigid Bodies.—A rigid 
body, or several rigid bodies, may be regarded as composed of a large 
number of particles. If, then, several rigid bodies are in equilibrium 
under the action of any forces, the whole virtual work of the forces 
acting on all the bodies is zero in all conceivable displacements. For 
the virtual work for each particle is zero, and the work done by the 
mutual actions of the particles of the same rigid body is zero, and may, 
therefore, be ignored in forming the equations of virtual w^ork. To 
make it clear that the work of the mutual actions of the particles of one 
body is zero, suppose the particle A exerts a force T on the particle B; 
then B exerts T in the opposite direction on A. The line of action of 
these two forces is AB, and since the length AB remains constant (A 
and B being particles of a rigid body) the displacements of A and B in 
the direction of AB is the same in any motion. If this common dis¬ 
placement is ds in the direction of 1 ', the work done by A on B is T. ds^ 
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and the work done by B on A is .ds. Thus the total work done 
by the action and reaction is zero. Consequently, in forming the 
equations of virtual work we need only take account of the external 
forces and the actions between the different rigid bodies. In many 
cases, too, it is unnecessary to take account of the reactions between 
the different rigid bodies, as we shall now show. 

160. Forces which contribute nothing to Virtual Work. 

{a) If, in any displacement, two or more bodies remain fixed relative 
to each other, their mutual reactions do no work, for they are merely 
equivalent to one rigid body. 

{b) If the force between tw^o bodies is a mutual pressure at a point 
of contact, no work is done in any displacement by the action and 
reaction if the same points of the bodies remain in contact during the 
displacement. For clearly the work done by the action balances that 
done by the reaction. 

(c) If a body slides over a smooth surface the work done by the 
reaction of the surface is zero, because the displacement is perpendicular 
to the force. This will be equally true for rigid and non-rigid bodies. 
It is true, for example, when a flexible string slides over any smooth 
body round which it is wrapped. 

{d) If we assume that the only forces between the particles of an 
inextensible string are those between contiguous particles, it follows 
that the work done by their mutual actions as the string slides round 
any smooth surface is zero, because contiguous particles will have the 
same displacement in the line joining them, which is the line of their 
mutual actions. Hence an inextensible string may be treated as a rigid 
body in finding virtual work. 

{e) The work done by the mutual action between a string and a 
body to which it is attached is zero for the reason given in (b). 

{/) Wlien a body rolls without sliding on any surface, the work 
done in a small displacement by the reaction 
of the surface on the rolling body is zero— 
or rather, assuming the force constant, the 
work is a small quantity of the second order 
in the displacement, and may, therefore, be 
neglected in comparison with quantities of 
the first order. To prove this, suppose A'B 
is a portion of the rolling curve, and AB the 
curve on which it has rolled. A' was in 
contact with A before the displacement. 
A'O and AC are normals to the two curves 
at N and A. The force acting on the rolling 
body before displacement, which is the force 
whose work we are considering, was along 
Fig. 62. CA. The displacement of A! along CA 

is approximately AA', which is nearly the 
same as A'B x (angle ABA'). Now the angle ABA' is of the same 
order of magnitude as dd^ the angle through which the upper body has 
turned. Also A'B is of the same order as dB, for its magnitude is 
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approximately pdj>^ where p is the radius of curvature of the rolling 
body. Hence AA' is a second order quantity, and therefore the work 
done by the force along CA is of second order. 

(^) The mutual actions of two bodies connected by a smooth hinge 
do no work in any displacement of the hinge, for these actions pass 
through the centre of the hinge, and this point is fixed relative to both 
bodies. Hence the points at which the forces are applied in both 
bodies have the same displacement, and, therefore, the work done by 
the action is the negative of that done by the reaction. 

151. In using the principle of virtual work we keep the magnitude 
and direction of the forces constant in our assumed displacement, and 
we suj)pose the forces to act at points fixed in the bodies. Thus the 
lines of action of the forces will generally move in space during any 
displacement. Now, if the forces were in equilibrium before the dis¬ 
placement, they will not usually be in equilibrium after the displacement 
in consequence of this shifting of their lines of action. During part of 
the displacement, therefore, the forces will be equal to a small couple 
which will do some work. But this work will be a small quantity of the 
second order in the displacements. The equation of virtual work will 
consequently only be correct as far as small quantities of the first order. 

Suppose forces P, Q, R, S, etc., act at points of a system of bodies, 
and suppose dp^ dq^ dr, ds, etc., are the assumed displacements of these 
points along the lines of action of the forces; then, if the forces are in 
equilibrium before the displacement, the equation of virtual work is 

P . ^ -f Q. 4“ R • + S . = o • • (r) 


This equation really means 

Jq 




= o 


0 ) 


where etc., are differential coefficients, which are to be obtained 

dp' dp* ^ 

from the geometrical equations connecting p, q, r, etc., which remain 
true in different positions of the bodies. Equation ( 2 ) is accurate, since 
the second order quantities which should appear 
in (i) will vanish in ( 2 ). 

152. We will now work some examples on 
the principle of virtual work. 

Example i. —Four equal rods, each of weight 
w, are hinged together to form a rhombus, and the 
frame is suspended by the hinge at one corner A. 

A string is attached to A and the opposite corner C 
to prevent the frame from collapsing- Find the 
tension in this string. 

In order to use the principle of virtual work 
in this problem, it is indispensable that the 
tension of the string should do work in our 
assumed displacements. We will suppose, therefore, that the string is 
removed, and that an upward force, T, equal to the tension, is applied 



B 
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at C. The equilibrium is not affected by this, and we can now allow 
the force T to do work in a displacement of C. 

Let AC = 2 x. Then AG = x, G being the centre of gravity of the' 
four rods. Let x change to x 4 “ Then the whole work done on 
the four rods (supposing A to be kept fixed) is 

47Cfdx — 'JV( 2 .v) = 4Ufdx — 2 'lV.r 

the first term being the work done by the weights of the rods as their 
centre of gravity is lowered by dx, and the second term being the work 
done by T. 

Hence, since the virtual work is zero, 

T = 27£/ 


Example 2 . 



- I'he same system of rods is suspended in the same way, 
but is held in shape by a light rod DB whose weight 
we can neglect To find the thrust 

Again, suppose the rod DB to be removed 
and two forces T, equal to the thrust in DB, to 
be applied outward at B and D. Let AG = x, 
BG=ji'. Now suppose C descends vertically 
3 through a small distance, while A remains fixed. 
VVe denote the increments in .r and y by dx and 
dy, Tlien the equation of virtual work is 


47i>dx + 2l\ ^ = o 


(0 


since there is a quantity of work Tdy done at each 
of the points B and D. 

We have now to find a relation between dx and 
dy from the geometry of the figure. For all such displacements as we 
have assumed it is ch ar that 

^2 j;2 ~ aB2 = a constant 

Hence 2 xdx + 2 ydy = 0.(2) 

dx 

Equating the two values of obtained from (i) and (2), we get 

~ T ^ 

2W X 


or T = 2 w tan a 

There is a point in the preceding solution which often puzzles 
beginners. It might appear from equation (i) that we have assumed the 
work done by the forces T to be positive. But this is not so. We have 
expressed the work done by these forces as 2 T^, where dy is ihQ increment 
of y corresponding to the increment dx in A?. Now equation ( 2 ) shows 
that dy is negative if dx is positive, and consequently the work done by the 
forces at B and D works out to be a negative quantity. It will thus be 
seen that, in writing down the work done by the forces, we write each ^ 
term as if the increments in the geometrical quantities were all positive,; 
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and leave it to the geometrical equations to give the increments their 
proper signs. 

It is worth while to work out the last question in a rather different 
way. Suppose a changes to a -f- in the downward displacement of 
C. Then 

X = AD. cos a, y = AD sin a 
Therefore dx = —AD sin a. da, dy = AD cos ada 
The equation of virtual work is therefore 

— 4Z£/. AD sin ada + 2'!'. AD cos ada — o 
whence T = tan a 

Example 3. — Six rods hinged together form an irregular hexagon 
symmetrical about a vertical line, the weights being indicated in the figure. 
The frame ts suspended by the hinge at A, and is kept rigid by tzvo equal 
light rods BF, CE, To find the thrusts in these rods. 

Suppose the thrusts of the light rods FB and EC replaced by forces 
Ti at F and B, and T2 at E and C. To find T^ we will suppose that 
B becomes Q + dQ, and <f> remains con¬ 
stant. This allows FB to increase while 
EC remains of constant length, and thus 
the forces T^ will do work while the 
forces T2 do no work. 

Let AB = a, CD = c. 

When 6 increases by dd the rods BC p 
and FE will rise with B and F and will ^ 
each turn through a small angle of the 
same order of magnitude as d6. The ^ 
vertical displacement of C and E will be 
the same as that of B and F, together 
with the displacement due to rotation of 
the rods BC and FE. But the vertical Fig. 65. 

displacement of C and E due to these 

rotations will be of the same order of magnitude as {dOfi, and may there¬ 
fore be ignored in the equation of virtual work.i It follows, then, that 
if we take account of the first power of dd only, the centre of gravity of 
the four rods below BF will have the same vertical displacement as B 
and F. Now the downward displacement of B is 

4 * d{a cos 61 ) = — sin Odd 

* To prove that the vertical displacement due to rotation is of the second order, 
let the angle through which KC turns be da,. Then 

EF sin da + AF sin {6 + dB) — jIEC = AF sin B 
whence EF^/a + AF cos B . dB — o 

which shows that da and dB are of the same order of magnitude. 

Now the vertical displacement of C due to rotation is 

EF — EF cos //a = EF • neglecting higher powers of da. 

This is of the same order as {dBl^, 
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And its horizontal outward displacement is 

d{a sin 6) a cos 6d6 

Thus the centre of gravity of the two upper rods AB, AF, rises 
through a distance }^a sin SdS^ and the centre of gravity of the other 
four rods rises through a sin QdQ, Hence the equation of vertical 
work is 

^ 2 Wi{hi sin ddd) — 2{7V2 + sin 0J9) -f 2 T^a cos 6dd = o, 
from which = (|wi + ^'2 + ^^' 3 ) ^ 

To find T 2 we suppose <f) to vary while 6 remains constant, the length 
EC being increased in the process. Then the centre of gravity of the 
four upper rods receives no displacement of the first order in d<f>. The 
equation of virtual work is now 

2 T 2 ^(^' sin (f)) + 2 w^d(^c cos <f>) = o 
or 2 T 2 cos <t>d^ — sin (f)d(f> = o 

whence T 2 = tan (f> 

Example 4 . —In Fig, 66 , AB is ike connecting rod of a steam engine. 
The end B slides in a smooth groove BO^ and the end A is attached by a 
smooth hinge to a wheel with fixed centre O, If a force P is applied at B 
in the direction BO, to find the magnitude of the component perpendicular 
to OA of the force at A, 



Let OA = r, AB = /, OB = a:. Let 6 increase by d6, and x by dx* 
Then the total work done on AB (neglecting its weight) is 

- ?dx - TrdO = o 

where T denotes the required force at A, 

Therefore T = 

r du 

Now + r^ 2 xr cos 0 

Differentiating this with respect to 6, 

dx dx 



VIRTUAL WORK 


97 


Therefore 


xr sin B 
X — 7 - cos B 


Hence 


T=: P 


X — 1- cos I 


which gives T in any position of the rod. 

jf^XAMPLE 5 .—A heavy chain or string rests partly on a smooth body^ 
with one end attached to the body afid the 
other hanging freely. To find an expression 
for the tension at any point. f 

Let P be the point at which the tension [ \ 

is required, and let the vertical distance of V 
P above the free end B be denoted by z. J 

Let T be the tension at P, w the weight of 
unit length of the chain. Suppose the end A 
is detached from the supporting body, and 
suppose it is allowed to slide a short dis¬ 
tance X over the surface of the body in the B 

direction of the chain at A. The only Fig. 67. 

forces which do work on the portion PB 

of the chain are, the tension at P and the weight of PB. The work 
done by the weight of PB'in this displacement is clearly just the same 
as if a portion x of the chain were transferred from P to B. The 
equation of virtual work for the portion PB is therefore 


Consequently 


- 'Vx + 7 £>x .0 = 0 

T = 7£>Z 


Thus the tension at any given point is equal to the weight of a 
portion of the chain whose length is equal to the vertical distance of the 
point above the free end. 

Even if a portion or all of the chain hangs freely without contact 
with bodies, the tension is given 
by the expression just obtained. 

For it would clearly make no \ 

difference to the tension in the \p 

chain if a smooth curve were \ p 

introduced exactly fitting against 

the free portion of the chain. ^ 

Therefore the tension is wz in ( ^ 

the free as well as in the con- 
strained portions of the chain. 

Moreover, the tensions would 
not be affected if any point C or 

D of the chain in Fig. 68 were to B 

become fixed. Thus, if the part 
CDB were removed, and only the 

chain APC were attached to fixed points A and C, the tension at any 
point P would be proportional to its vertical distance above B, a point 

H 
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which would not, in this case, be visible in the figure. But although 
we should not know the position of B, we should at least know that 
the difference of the tensions at any two points of the suspended chain 
would be proportional to the difference of their heights. 


EXAMPLES ON CHAPTER VI 

1. AB is a uniform rod (weight W) that can turn freely in a vertical plane 
round A ; a thread BCD is fastened to B, passes over a pulley at C, and 
carries a weight w at D ; W and w are so adjusted that, when AB is at a 
given inclination 0 to the vertical, BC is horizontal. If 0 receives a small 
increase, find the distances through which W rises and w falls. Hence find 
the relation between W and w, {Board of Education^ Stage //., 1909.) 

[W = 2w cot 

2. (i) A bar AB, of weight W, is guided by rings at its ends so that A 
can move on a smooth horizontal rail OX, and B on a smooth vertical rail 
OY. Employ the principle of virtual work to evaluate tlie horizontal force 
at A necessary to maintain equilibrium when the angle OAB = 0 . 

(ii) A nut of weight W is mounted on a fixed smooth screw of pitch /, 
whose axis is inclined at the angle a to the horizontal. What couple is required 
to keep the nut from moving? {London B,Sc.^ 1908.) 

[ /•V W ^ .... p sin a„- I 

(O.-cotff; (n) - W.J 

3. A uniform chain hangs between two points A, B, at the same level, 
and its inclination at these points is a. If the span AB be increased by a 
small amount show that the centre of gravity of the chain is raised through 
i^cotitt. [Afanc/tester University^ Honours Engineering B^Sci] 

4. One shaft is driven by another, inclined to the first, by means of 
conical cog wheels. If the driving shaft makes n revolutions while the 
driven one makes m revolutions, find the couple exerted on a driven shaft 
when a couple of moment M is exerted on the other one, all friction being 
neglected. 

5. A smooth cone of weight W stands inverted in a circular hole with its 
axis vertical. A string is wrapped twice round the cone just above the hole 
and pulled tight. What must be the tension in the string so that it will just 
raise the cone ? 

cot a, where a is the semi-angle of the cone.j 

6. A srnooth sphere of radius r and weight W rests in a horizontal circular 
hole of radius a, A string is wrapped once round the sphere above the hole 
and then pulled tight. What tension in the string will just raise the sphere ? 

rw a 1 

[2ir’ Vr2 - J 

7. An endless chain of weight w rests in the form of a circular band 
n>und a smooth vertical cone which has its vertex upwards. Find the tension 
in the chain due to its own weight, assuming the vertical angle of the cone to* 
be 2<u 
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8. The hinges of a gate lie in a line inclined at a to the vertical, and its 
centre of gravity is at a distance b feet from the line of the hinges. Show 
that, when the gate has been turned through Q about the line of the hinges 
from its lowest position, the centre of gravity of the gate is b cos Q sin a feet 
below its middle position. Thence show that the force which must be 
applied perpendicular to the gate, at I feet from the line of the hinges, to 

keep it in equilibrium in this position, is |w sin $ sin a, where W is the 
weight of the gate. 

9. If every partic le of a uniform circular hoop of radius r is repelled 
from its centre by a force where m denotes the mass of the particle 
and n is a constant, show that the tension in the hoop is prn^^ p denoting 
the mass per foot of the hoop. 

10. ABCD is a rhombus formed with four rods each of length / and 
negligible weight, joined by smooth hinges. A weight W is attached to the 
lowest hinge C, and the frame rests on two smooth pegs in a horizontal line 
in contact with the rods AB and AD. B and O are in a horizontal line 
and are joined by a string. If the distance of the pegs apart is 2c and the 
angle at A is 2a, show"that the tension in the string is 


cosec^ a — I ^ 


W tan a ( cosec^ ( 

II. If the weight of each rod in the last example is find the tension in 
the string when these weights are taken into account. 


[tan 


7'W + 47£') coscc 3 a — (W + 2 w) 


I] 


12. Two equal rods, each of weight wl and length /, are hinged together 
and placed astride a smooth horizontal cylindrical peg of radius r. Then 
the lower ends are tied together by a string, and the rods are left at the same 
inclination to the horizontal. Find the tension in the string, and if the 
string is slack, show that ^ satisfies the equation 


tan^ <l> + tan <f> 


I 

2r 


[The tension is w{r sec^ ~ J/ cot 

13. Two strings, each of length /, are attached to a ceiling, and the lower 
ends are attached to the ends of a magnet of moment M, length /, and 
weight W. When the strings are vertical the magnet is in the magnetic 
meridian, but with its north-seeking pole towards the south. Through what 
angle will it have to turn before it comes to a position of stable equilibrium? 
(Assume that the earth’s magnetism exerts a couple HM sin ^ on the magnet 
when it makes an angle Q with the magnetic meridian.) 

[ 9 W/ 1 
In the position of stable equilibrium either ^ = o or cos - = J 

14. A uniform rod AD, of weight W, has the end A attached to a fixed 
point, about which it is free to move in any direction. C is the foot of the 
perpendicular from A on a smooth vertical wall, and B is the point vertically 
above C such that AB = AD. The end D of the rod is attached by a string 
to B. When the rod is in equilibrium with the string taut (and therefore 
AD not in the same plane as ABC), show that the tension in the string is 

{Hoard of Education Honours^ Part //., 1899). 

2 

15. Three equal spheres are lying in contact on a horizontal plane and 
are held together by a string which passes round them. A cube of weight 
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W is placed with one diagonal vertical so that its lower faces touch the 
spheres, and the cube is supported in this position by the spheres. Show 
that the tensicn in the string is all friction being neglected. 

{London D,Sc,^ 1908 .) 

16 . The upper ends of four equal light rods, of lengths /, are attached 
by smooth joints to points on a ceiling at the corners of a square with 
sides of length and the lower ends are attached to points on a board 
at the comers of an equal square. The board carries a weight W at 
its centre. The board is then twisted about a vertical axis, so that all the 
rods are equally inclined to the vertical, and a string is tied round their 
middle points, which lie on a square with sides x. Find the tension of the 
string to maintain equilibrium. 

L2V'/2 - 2(<>2 - 4-2)'J 

17 . If the four rods of the last example were replaced by n rods attached 
at the upper and lower ends to regular polygons with sides of lengths b<, 
show that the tension of the string would be 

_Wr_ * 

n sin2 4^2) cosec2~| 


X being the length of a side of the polygon formed by the string. 

18. Two uniform discs, each of weight W and radius have their planes 

horizontal. The upper disc is fixed, and the centre of the lower disc is 
constrained to move on a smooth vertical axis through the centre of the 
upper disc. The discs are connected by a veiy large number of equal light 
rods of length b attached uniformly round their edges. A light elastic band 
passes round the rods hjilfway between the discs. Find the tension in this 
band if there is equilibrium with the rods all inclined at the angle 6 to the 
vertical. {Manchester University^ 1907. i 

T —-f ~ tan^ B 

L. 

19. The 12 edges of a regular octahedron are formed by rods hinged 
together at the angles. Two pairs of opposite angles are connected by 
elastic strings whose tensions are /, tK Show that the pressure along a rod 
connecting the extremities of these strings is 


{Board of Education^ ^^I * i? 05 -) 

20. A step ladder has a pair of equal legs which are joined by a hinge at 
the top, and connected by a cord attached at one-third of the distance from 
the lower ends to the top. If the weight of the ladder is w acting halfway 
up, and a man of weight W is two-thirds the way up the ladder, show that 
the tension in the cord is J(W + f«/) tan a, assuming that the floor is smooth, 
and that a is the inclination of the legs to the vertical. 

21. Four rods of equal weights w form a rhombus ABCD, with smooth 
hinges at the joints. The frame is suspended by the point A, and a weight 
W is attached to C A stiflfening rod of negligible weight joins the middle 
points of AB and AD, keeping these inclined at a to AC. Show that the 
thrust in this stiffening rod is (2W + \w) tan a. 

22. Four equal light bars are jointed freely so as to form a rhombus 
ABCD, and the corners A, C, ar^ connected by a light chain. The whole 
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hangs from A, which is uppermost; and two equal weights W are suspended 
from B and D. Find (graphically or otherwise) the tension in the chain. 

{London 1906.) 

[The tension is W.] 

23. Six equal rods, each of weight form a hexagon ABCDEF. AB 
is fixed in a horizontal position, and the rest of the frame is suspended from 
AB by means of the joints at A and B and a string joining the middle 
points of AB and DE, which keeps the other four rods at inclination a to 
the vertical. Show that the tension in the string is '^w. 

24. ABCD is a framework in the form of a rhombus with AC vertical. A 
is fixed, and weights «/, W, are attached at B, C, D, respectively. Besides 
being acted on by the earth’s attraction, each of the weights w is repelled from 
AC by a horizontal force krw^ where 2r = BD and k is constant. If there are 
smooth hinges at the joints, show that, in the equilibrium position, the four 

rods m:ike an angle with AC whose cosine is ~ ^ being the length of 

a rod. 

25. ABCD is a trapezium formed of bars of negligible weight, freely 
jointed at the ends, the parallel sides being BC and AD ; the joints B and 
D are also connected by a bar. The frame is placed in a vertical plane 
with the points A and D resting on fixed smooth pillars at the same level. 
From the middle point of BC is suspended a load W. Being given that 
AB = 13, BC = 26, CD = 15, DA = 40, prove that the stress in BD is a 
tension equal to ^4*0W. {London Jnter. Sc/., Honours Maths.^ 1907.) 

26. If the joints A and D, instead of resting on smooth pillars, were fixed 
by pins driven into a wall, or rested on rough surfaces, would the result of 
the last question be affected ? 

[The virtual work method proves that the result would not be 
affected.] 

27. Five equal weightless rods are hinged together at O and rest with 

their lower ends on a smooth table ; and these ends are kept in symmetrical 
positions at corners of a regular pentagon by an endless string which passes 
round them and forms a star pentagon. Find the tension in the string when 
a weight W is suspended from O, having given the inclination, of the rods 
to the vertical. {Victoria University^ 1901.) 

tan e sec 18°.] 

28. Three equal smooth spheres, each of weight w and radius a^ rest in 
a symmetrical position at the bottom of a spherical bowl of radius (d + a). 
Another equal sphere is put on the top of the first three. Show that the 
mutual pressure between a pair of the lower spheres is 



i 6 a 





CHAPTER VII 

FRICTION 

162 . It is well known from experience that the action between two solid 
bodies in contact is not always—in fact, not usually—merely a force 
perpendicular to the surface of separation. The simple fact that a body 
can rest on an inclined plane under no forces but its weight and the 
reaction of the plane shows that this reaction has a component along the 
plane which balances the component of the weight down the plane. 
Another very common fact of observation is that a horizontal force is 
needed to keep a body moving with uniform velocity on a horizontal 
plane, and this, combined with Newton’s first law of motion, tells us there 
must be an equal force resisting the motion. That component of the 
reaction between two bodies which is in the plane touching both 
surfaces is called Frlciion. 

Friction is a force which resists the .sliding of one body over another. 
We will now give the laws of friction. 

153 . Laws of Friction. 

Law /.— When two bodies in contact are in relative motion the friction 
acting on either body at any point of contact is in the direction opposite to 
the motion of that point relative to the contiguous point of the other body. 

Thus, when a body slides on a rough plane without rotation, the 
friction at every point of contact is in the same direction, namely, 
opposite to that of the common velocity. 

But if a body on a rough plane is rotating about a fixed axis per¬ 
pendicular to the plane, the friction exerted at any point of the rotating 
body is perpendicular to the line joining that point to the axis. If 
the rough plane and the rotating body have, in addition, a common 
motion through space, leaving the relative motion unaltered, the direction 
of friction would be unaltered also, because, by the rule given above, 
the direction of friction depends only on the relative motion. 

Law //.—The fnction at any point of contact of two given bodies 
cannot exceed a certain fraction of the normal pressure between the bodies at 
that pointy which fraction depends on the material of the two bodies and 
the condition of the two surfaces, Ihe maximum friction is called 
limiting friction and the fraction is called the coefficient of fnction 
for the two bodies. 

Law ILL—The coefficient of friction is independent of the intensity of 
the mrmal pressure. 

It follows imme^tely from the third law that, if there is a given 
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pressure between two bodies whose points of contact are in one plane, 
and whose frictions all act in the same direction, the maximum total 
friction between the bodies does not depend on the area over which the 
pressure is distributed. 

164 . Inferences from the ^aws. — When two bodies in contact over 
a plane are acted on by external forces which, were it not for friction, 
would cause relative motion of the bodies, no motion will ensue if the 
resultant of the forces is below a certain magnitude, or rather, if the com¬ 
ponent parallel to the plane of contact is less than a certain fraction of 
the whole normal pressure. At every point of contact friction is brought 
into play to resist the motion. The preceding laws state that, if there is 

F 

a frictional force F and a normal force R, the ratio ^ cannot exceed a 

certain fraction (denoted by [£) which is constant for two given bodies \ 
but it may have any value from zero up to /z. If the sum of the com¬ 
ponents of the external forces parallel to the plane of contact is gradually 
increased while the normal pressure remains constant, an instant will 
come when the friction at every point, except perhaps one, is the maxi¬ 
mum friction, and any further increase in the applied forces will cause 
relative motion. When motion does finally take place, it may be one of 
rotation about a fixed axis perpendicular to the plane of contact, and 
the friction at the point where the axis of rotation meets the plane of 
contact may not be limiting friction, but there must be limiting friction 
at all the other points of contact Just before motion the direction of 
friction at all points is just the same as when motion begins. 

155 . When a body is not on the point of motion, that is, when a 
finite increase may be given to the resultant of the external forces tending 
to slide the body while the normal pressure remains constant without 
causing motion, no definite rule concerning the directions or magnitudes 
of the frictions at different points can be given. All that is known is 
that the frictional forces will so arrange themselves as to resist motion, 
provided an arrangement is possible which does not require the friction 
at any point to be greater than limiting friction. Frictional forces may, 
and often do, act when the external forces have no tendency to produce 
sliding. In such a case the frictions balance among themselves and cause 
a state of strain in the bodies on which they act. As a simple example, 
suppose an iron rod of considerable length were placed with its ends 
resting on two supports at the same height. If there is no friction at 
first, let us suppose the bar is heated. Then one or both of the ends 
will slide over the su])ports owing to the expansion, and while the 
sliding is taking place friction is acting in the direction opposite to the 
motion. When the temperature becomes stationary the sliding will 
stop, but it is clear that if the sliding has been continuous (and not in 
jerks) there will still be friction acting in opposite directions at the 
ends. The effect of the friction is a slight shortening of the rod, as will 
be explained in the chapter on elasticity. 

166 .' After considering the last example, it is easy to see that such 
a thing as a three-legged stool might be placed on a horizontal floor in 
such a way that frictions act at each point of support, all the frictions 
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acting towards one point and forming a system of forces in equilibrium. 
It is only necessary to strain the stool before putting it down in order 
to produce these frictions. But whatever frictions may act when 
they are not needed to prevent motion, immediately forces are applied 
which would produce sliding if the surfaces were smooth, the frictions 
rearrange themselves to resist the motion, and just before motion takes 
place they are arranged in the most effective manner possible to resist 
that motion. That is, the frictions all act in directions opposite to those 
in which the points of application are about to move. 

157. Angle and Cone of Friction. —The resultant of friction F and 
the normal pressure R exerted by one body on another at any point of con- 

F 

tact will make an angle tan“^ gwith the normal to the surfaces at that 

point. This angle may have any value from zero to tan~^ /z, depending 
on the amount of friction brought into action. This resultant force of 
either body on the other at a point of contact lies somewhere inside a 
cone whose axis is the normal to the surfaces, and whose semi-vertical 
angle is tan“^ jjl. The cone is called the cone of friction^ and the angle 
tan“* fJL is called the angle of friction. 

158. Work done by Friction. —When friction acts at a point fixed 
in a body there is no need to add anything to the definition of work 
given in Art. 121 . But when the point at w^hich the friction acts is 
continuously changing in the body itself, as when the body rolls and 
slides down a plane, we require an extension of the definition of work. 
This extension may be stated as follows :— 

The work done in a short time dt by a frictional force F', acting at 
points of a body infiftitely near a point P, is Fudt, where u is the compotient 
velocity of P in the direction of F. 

Perhaps this is more precisely stated by means of the rate of doing 
w'ork. Thus, if F is acting at P at any instant, the rate at which the 
friction is doing w^ork at that instant is Fw. 

159. If F is constant, the work done in any interval of time from 
/o to 4 is 

w=Frw/ 

If, at the same time, the friction acts at a point fixed in space the 
integral 

^\dt 
J to 

is the negative of the length of the curve of the moving body, which 
has passed the fixed point in the interval of time. Denoting this length 
by Sy we get 

W=-.F.f 

This result can be applied to a shaft turning in fixed bearings. If r 
is the radius of the shaft, F the friction at any point, the work done 
while the shaft turns through 0 radians is — F.r^. The total work 
done on the shaft by the friction at all the points U ^2Fr0 = —^-SFr, 
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the summation extending to all points at which friction acts. But 
i7F/' is the moment of the frictions about the axis of the shaft. Hence 
the work done is — M0, where M denotes the moment of the frictions. 

160. We will now take an illustration in which both bodies move. 
A body A slides over a rough body B, which is itself moving in the 
same direction as A. The velocities of the two bodies are u and v. 

If u > V the friction on the 
upper body is in the opposite 
direction to z/. The work done 
by this friction is therefore 

-jUY.nlf Fig. 69 . 

where Z'F denotes the sum of the frictions at all points of the body. If 
this sum is constant (= F^, say), the work done by the friction on the 
upper body is 

— Fiji/If 

and this result is not altered even if the friction at different points of the 
body is variable, provided only the sum is constant. 

The friction on the low'er body acts in the direction of motion, and 
the work done by it is 

Fij7>df 

The total work done on the two bodies by the friction at their 
surface of contact is .thus 

“ Fi/(zz - 7 i)df = ~ FijVIf 

where V is the relative velocity of the bodies, and therefore jVIf 
is the relative displacement. 

If V were greater than «, the directions of the frictions would be 
reversed, and then the total work would be 

- 

which is again the product of — Fj and the relative displacement, taken 
positive as in the preceding case. 

161. In this case, as in more complex cases, the work done by friction 
of constant magnitude is the negative of the product of the friction and the 
total relative displacement, this relative displacement being obtained from 
the infinitely small displacements by arithmetical^ and not by vector, 
addition. For example, if the upper body slides over the other body along 

straight line of length a and back again to the starting-point (without 
rotation), the work done by friction on the two bodies is — 2 <zF, and 
not zero. For the purposes of finding work done by friction, the total 
displacement of a body is the length of the curve it has described, and 
not the straight line joining the beginning of this curve to the end. 

162. We shall now proceed to apply the rules of friction to deter¬ 
mine the equilibrium of bodies under frictional forces. We shall assume 
that the laws stated are quite accurate, although it is proper to warn 
the student here that they are only fair approximations to the truth. 
The friction does depend to some small extent upon the intensity of 
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pressure, and the friction which acts during relative motion is rather less 
than the maximum friction just before motion takes place. But all 
these small inaccuracies we shall disregard for two very good reasons: 
firstly, because the laws are sufficiently accurate for most practical 
purposes ; and secondly, because exact laws are not known. 

163. The coefficient of friction for two bodies in contact depends, 
of course, on both bodies. In no case is it so great as unity. For 
timber on timber it has values, from 0*2 to 0 * 5 , for timber on metals 
from 0*2 to 0 * 6 , and for metals on metals from 0*15 to o' 25 . 

164. To show that, if a body is on 
the point of sliding* down an inclined 
plane under its own weight, the in¬ 
clination of the plane is equal to the 
angle of friction. 

Let Q denote the resultant action 
of the plane on the body, W the weight 
of the body, A the angle of friction, 
NM the normal to the plane. Then 
since the body is on the point of sliding 
down, the friction is limiting friction, 
and Q makes an angle A with NM. 
But Q must balance the weight, and must therefore be a vertical force. 
Then it is obvious from the figure that A = a, the inclination of the 
plane. 

165. To find what force must be applied at a given angle B with 

the upward direction of an inclined 
plane in order to drag a body of 
weight W up the plane. 

Let P be the necessary force, and a 
the inclination of the plane 

Since the body is moving up the 
plane the friction acts down the plane, 
and therefore the reaction Q between the 
plane and the body is on the lower side 
of the normal MN at an angle A with it. 

The force P is assumed to be just 
large enough to start motion. 

Since a relation between P and W is required, we shall get this 
relation by resolving perpendicular to the other force Q. Resolving 
perpendicular to Q, therefore, we get 




or 


P cos (0 — A) — W sin.(a + A) 
^ sin (a + A) 


P = W 


cos {6 — A) 


o 


This gives the force which will just move the body up the plane 
when applied at any angle 6, The least force which will move the 
body up the plane is the least value of P for different values of d. P 
will clearly be least when cos (d — A) is greatest, that is, when 0 = A, 
and the value of P for this value of 0 is W sin (a -b A). 
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166. Motion down the Plane. —If the body is just on the point of 
motion down the plane the friction acts up the plane. The force Q 
is therefore on the opposite side of the normal from that shown in 
Fig. 71 . It is easy to see, then, that the working of the last article can 
be applied to the case of motion down the plane under the force P 
provided we put —A instead of A. P will now be the force required to 
prevent motion down the plane, and its value is 


P = 


cos {6 + X) 


If a < A this gives a negative value for P. This means that P is 
a thrust and not a pull as shown, for in this case the body will need 
pushing down the plane. 

If P has any value between 


cos {6 4- A) 


and W 


sin (a -f A) 
cos {B — A) 


the body will be in equilibrium. But if it is less than the first or greater 
than the second there will be motion down or up the plane, if the 
first of these forces is negative a less force 
will, of course, be a greater negative force, 
that is, a greater push. 

167. A rod or ladder rests in a vertical 
plane with its ends on a horizontal floor 
and against a vertical wall respectively. 

If the rod is just on the point of slipping, 
to find the position, given that the coeffi¬ 
cients of friction are /x at the floor and 
fi' at the wall, and the centre of gravity 
divides the rod into two parts whose lengths 
are in the ratio m : n. 

This example can be applied to the case 
of a man at any point of the ladder, the weight 
being supposed to act at the centre of gravity 
of the man and the ladder. 

In Fig. 72 , G is the centre of gravity of the ladder, and AG : GB 
sz m : n. Since the ladder is on the point of slipping, there will be 
maximum friction at both A and B. The forces are shown in the 
figure. 

Resolving vertically and horizontally, we get 


S 4 - /TT = W.(t) 

- T = ..( 2 ) 


Taking moments about A 

AG . cos e . W - AB. cos 0 . S 4- AB sin 0 . /xS = o . ( 3 ) 

Now since AG : AB = in : {m 4* w), equation ( 3 ) can be written 
m\N cos 0 - (w + «)S cos 6 + {m + n)fiS sin ^ = o . ( 4 ) 
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Substituting in ( 4 ) the value of S obtained from (i) and ( 2 ), we get 


W uW 

wW cos Q — im + ;/)—,-, cos 6 (m n)— t- 1 sin 6 = o 

^ + /Jifl ' ^ -h fi/x' 

which gives tan 6 = i-- — mu) . 

^ ;// 4 - /A u ^ / 


( 5 ) 


Suppose the frictions at A and B are F and P. Then the result 
obtained can be written 


tan 9 = —^ 

ni 4- //V. P 1 / 


( 6 ) 


It is clear that this result is equally true whether the frictions are 
limiting frictions or not. But if the friction is not limiting friction 
P r 

the fractions g- and q; will be less than /x and /x' respectively. But 

from the form of the right-hand side of equation ( 6 ), it is obvious that 
the smaller either of these fractions is, the greater 9 will be. Con¬ 
sequently, the rod will rest in any 
position nearer the vertical than the 
one given by equation ( 5 ), and the 
friction will not be limiting friction 
at both points. 

• 168. FjXample.— A uniform rod 
rests inside a horizontal cylindei" in a 
vertical plane. To find the positions of 
equilibrium. 

Let 2 a be the angle subtended by 
the rod at the axis of the cylinder, 
and 9 the angle it makes with the 
horizontal. Let the normal pressures 
at the ends A and B be P and Q, 
and let us denote the frictions at these 
points by mV and wQ. 

By resolving along, and perpendicular to the rod, and taking 
moments about C, we get 



(P — Q) sin a — {mV + mQ) cos a = — W sin 0 . (i) 

(P + Q) cos a -f (mV — mQ) sin a = W cos 9 ,, (2) 

(mV + mQ)r = W sin 0 . r cos a .... (3) 

Multiplying (i) by ( 2 ) by -m, and ( 3 ) by ~fcos a, and 
adding, we get 

W{(i -f m^) cos 2 a sin — w cos ^ sin = o . ( 4 ) 

.... ^ cos2 a . ^ 

which gives cot 9 = — - - m sin2 a . (5)^ 
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When there is limiting friction at both ends m will be equal to /x, 
the coefficient of friction. The corresponding value of ^ is given by 

cot B ^ "" ^ ®. 

If m is less than fi the value of 6 given by ( 5 ) is less than that given 
by ( 6 ). Also it is clear that, by properly choosing the value of 6 
can have any value from zero up to the one given by ( 6 ). Hence 
equilibrium is possible for all inclinations of the rod to the horizontal 
less than that when limiting friction acts. 

We have assumed above that the frictions are wP and but 
except when the frictions are limiting frictions it is very unlikely that 
they will be the same fraction of the normal forces. Actually if the 
angle 0 is given the frictions are not determinate. If we had written 
mT and «Q for the frictions in equations (i), ( 2 ), and ( 3 ), we should 
have had only three equations containing the four unknown quantities 
P, Q, n. From these we could get one relation between m and ti 
by eliminating P and Q, and then it would be possible to give any 
value to m (less than /x) and calculate n from this relation. 

Equation ( 5 ) can be written 

cot 0 = m cos 2 a{-“o — tan^ a ) 


from which it follows that the rod will rest in the vertical position if 
m = cot a. This will be a possible value for vi if /x > cot a. Hence 
the rod will rest at any inclination to the horizontal if yx > cot a. 

169. Displacement of a Rigid Body parallel to one Plane. 

Any displacement of a rigid body in which every particle is dis¬ 
placed parallel to a given plane could be produced by rotation about 
some axis perpendicular to the plane. 

We need only consider the particles of the body in a plane 


parallel to the plane of motion, for when 
these are fixed the whole body is fixed. 

Let K; B, be the positions of tw'o 
particles of the body before displacement, 
A, B', their positions after the displace¬ 
ment. The two lines AB and AB' will, of 
course, lie in a plane parallel to the given 
plane. 

Let MO, NO, be drawn perpendicular 
to AA', BB', through their mid-points. 
Then 

OA^OA, OB = OB' 



Fig. 74. 


Also AB ~ AB', because A'B' is the line AB in a different position. 
Hence the triangles OAB, OA'B', are equal in all respects. Con- 
sequently the triangle OAB could be brought into the position OAB 
by rotation about an axis through O perpendicular to the plane of the 
triangle. Since all the particles have moved parallel to the same plane, 
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it is clear that rotation about the axis through O would bring the rest of 
the body into its new position. 

There is a case where the preceding argument fails, namely, when 
AA' and BB' are parallel, for then the perpendiculars through M and N 
never meet. Here it is evident that the displacements of the particles 
are not merely parallel to a fixed plane, but parallel to a fixed line, and 
all the displacements are equal as well as parallel. 

170. Instantaneous Centre of Rotation. —Since the continuous 
motion of a body parallel to a fixed plane may be conceived as a 
succession of infinitely small displacements, and each small displace¬ 
ment can be brought about by rotation about some fixed axis, it 
follows that w'e may regard this continuous motion as a series of 
rotations about a moving axis. The axis of rotation at any instant is 
called the instantaneous axis of rotation^ and in dealing with the motion 
of a plane body in its own plane, the point where the instantaneous axis 
meets the plane is called the instantaneous centre of rotation. 

171. The Centrodes. —In the continuous motion of a plane body in 
its own plane the instantaneous centre will trace out some curve in 
space and another curve in the body itself. The first of these curves 
is called the space-centrode, and the second, the body-centrode. It 
can be shown that the actual motion could be reproduced by the 
rolling, wdthout sliding, of the body-centrodc on the space-centrode. 
This we will now show. 

172. Suppose A, B, C, D, are four points in space about which a 
body is rotated in succession, and suppose A, Cy dy are the correspond¬ 
ing points of rotation in the body itself. The body is first turned about 

A until b coincides with B, then about B until 
€ coincides with C, and lastly, about C'until d 
coincides with D. Now from the geometry of 
the motion we have the total length of A^, bc^ 
and cdy equal to the total length of AB, BC, 
and CD. This would be equally true, however 
many points of rotation we took and however 
near they may be. But if we take the points 
infinitely near together we shall get continuous 
motion, and these centres of rotation will be 
instantaneous centres of rotation of the moving 
body. Also the points A, B, C, D, will lie on the space-centrode, 
and ay by Cy dy on the body centrode, and these two curves will 
touch each other. Thus we arrive at the conclusion that the body- 
centrode always touches the space-centrode, and the length of any arc 
of one curve is equal to the length of the corresponding arc of the other, 
from which it follows that there is no sliding of one curve over the 
other. The motion is therefore the same as that obtained by rolling 
the body-centrode on the space-centrode. 

When one body does actually roll on another fixed in space it is 
obvious that the instantaneous centre is at the point of contact. 

173. If the directions of motion of two points of a body, moving 
parallel to a given plane, are known, then the instantaneous centre is 
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easily found. Let A and B be two points whose directions of motion 
are AP and BQ. Since A is moving along AP, the centre of rotation 
must be on the line through A perpen¬ 
dicular to AP. Again, the centre of 
rotation must be on the line through B 
perpendicular to BQ. Let AI, BI, be 
these two lines. Then I is the instanta¬ 
neous centre. 

Again, we can compare the velocities 
of all points in the body when the I 

instantaneous centre is known. For if 
u) is the angular velocity of the body in 

radians per second, the linear velocity of any point A is lA . co. Thus 
the velocities of points are proportional to their distances from the 
instantaneous centre. 

174. A circle rolling inside a circle of twice the radius. 

We shall show that any point on the circumference of the rolling 
circle describes a diameter of the large circle. 

The instantaneous centre is I, the point of contact. The centres of 
the large and small circles are C and O. P is any point on the 
circumference of the small circle. 

P is moving perpendicular to IP, that is, along the line PC. Thus, 
P always moves towards (or away from) C. If P was originally in 
contact with P', it follows that P must 
describe the straight line P'C, for P cannot 
be moving towards C and leave this line. 

Since every point on the circumference / \ 

of the rolling circle describes a diameter / - \p^ 

of the fixed circle, we see that in this j J 

motion any chord of the rolling circle I \\ j 

will move with its ends on two intersecting V I \ j/ 

straight lines. \ y 

If the small circle be kept fixed and 
the large circle made to roll, then every 
diameter of the large circle will pass Fic;, ^7 

through a fixed point on the circumference 

of the small circle. Thus the diameter through C and P' will always 
pass through the point P, which will now be a fixed point in space. 
Hence if each of two lines of a moving body passes through a fixed 
point, the motion is equivalent to the rolling of a circle on a circle of 
half the radius situated inside the rolling circle. 

The following is a geometrical proof that C, P, and P', lie on a 
straight line when either circle rolls on the other. 

The arc IP = the arc IF, and since the radius of the large circle is 
twice as large as that of the small circle, it follows that the angle 
subtended at the centre of the small circle by IP is twice as large as the 
angle subtended at C by IP\ But the angle ICP is half of the angle 
lOP; that is, the angle ICP is equal to the angle IGF, which proves 
that F is on CP produced. 
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175. A body moves so that two fixed lines in it always touch 
two circles fixed in space. To find the centrodes. 

Let C and D be the centres of the circles; OP, OQ, the lines 
touching these circles. Through C and D draw CM and DM parallel 
to PO and QO. Then the two lines CM and DM are fixed in the 

moving body because their distances 
from the given lines are constant, 
being equal to the radii of the given 
circles. 

The instantaneous centre I is at 
the intersection of PC and QD. 

Now, because the angles at C and 
D in the quadrilateral CMDI are 
right angles, a circle will pass through 
the angular points. And since the 
angle CMD is equal to the angle 
POQ, and is therefore constant for 
all positions of the moving body, it 
follows that the circle through these 
points is a fixed circle. It is, in fact, 
the circle described on the chord CD with the angle POQ in the 
segment towards O. This circle is the space-centrode. 

MI is a diameter of the space-centrode, and is therefore of constant 
length. But M is fixed in the moving body. Hence I describes a 
circle in that body with MI as radius. Thus the body-centrode is a 
circle of twice the radius of the space-centrode. 

176. Suppose a body P is kept fixed while a body Q is moved 
relative to P, and let S and B denote the space-centrode and body- 
centrode in tins motion, the first being a curve described on P, and the 
second a curve described on Q. Then if the body Q be kept fixed 
while P is moved, the relative motion being the same as in the previous 
case, the centrodes will be exactly the same two curves as before; that 
is, S will be described on P and B on Q. But since P moves and Q is 
fixed, S will now be the body-centrode and B the space-centrode. 
This fact will sometimes simplify the question of finding body-centrodes, 
because it is easier to conceive space-centrodes than body-centrodes. 
Thus, in the example in the last article, the body-centrode is the space- 
centrode when two circles attached to a moving plane slide along two 
lines OP, OQ; that is, it is the space-centrode when a rod CD slides 
with its ends on two fixed lines MC, MD. Since M is now a fixed 
point, it is easy to realize in this case that I describes a circle relative 
to the lines MC, MD. 

177. When a body slides on a rough plane it turns, each instant, 
about an axis perpendicular to the plane which meets the plane in the 
instantaneous centre of rotation. During this sliding motion the 
friction at each point of contact acts contrary to the motion, that is, 
perpendicular to the line joining that point to the instantaneous centre. 
Since the frictions just before motion takes place are the same as just 
after the motion begins, it follows that the frictions at the points of 
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contact of a body which is just about to slide all act along the circum¬ 
ferences of circles having a common centre. This common centre is 
the point about which the body would begin to rotate if the applied 
forces were very slightly increased. 

Example.— A cirailar cylinder rests with its axis vertical on a rough 
horizontal .flancy and its weight is t(7iiformly distributed over the base. 
To find what couple is needed to 7nake it turn 
about its axis. 

Let a denote the radius of the cylinder, W / ^ 

its weight, and fju the coefficient of friction. The / k \ 

moment about the axis of the friction acting / Vf ] 

on the strip between the circles whose radii are I H i/^ I 

r and r 4 - dr is V / 

# r , { 2 'nrdr)^^ n. J 


uW . 

since o is the friction on unit area. 

TTa^ 


Fig. 79 . 


Hence the moment of the whole friction about the axis is 


fiWdr = laiiW 


which is the same as if the whole friction fjNl acted at a distance ^a 
from the centre. 

It is clear that the frictions in the above example form a couple, 
and the result obtained is the moment of that couple. 

178. The weight of a body resting on a rough horizontal plane 
is uniformly distributed over a base of any given shape. If the body 
turns about an axis perpendicular to the ^ 

plane of support, to find an expression for - 

the moment of the frictions about the axis. y 

Let O be the point where the axis of / ^^ 

rotation meets the plane. We will suppose in J 

the first case that O is inside the area of the --—^ 

base. Let APQC be the boundary of the 

area. Let OP = /*, angle AGP = 0, and 

suppose Q is infinitely near I’ so that OQ = r -f angle AOQ = ^ -f 

Let S denote the total area of the base. Then the magnitude of the 

friction on unit area is —W^hen the body turns about O the friction 

b 

at every point of the small triangle OPQ is nearly perpendicular to OP. 
Also since the friction on any area is proportional to the area, the 
resultant friction on the triangle acts at the centre of gravity of its area, 

p. W 

namely, at \r from O. The magnitude of the friction is ^r^aO. g . 
Hence the moment of the friction about O is 

•* s 


1 
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The moment of all the friction about O is therefore 

3 '^ •' 0 

Writing ^ f r^dd for S this moment becomes 



If, instead of being inside the base, O is on the perimeter of the 
base, the limits of integration are o and tt. In this case the moment is 


rr^i/O 

- 

0 

If O is outside the base the work needs a little modification. In 
Fig, 8i let AP = r, AP' = r. Then the moment of the friction on the 

strip P'PQQ' is the difference of the 
moments of the friction supposed to 
Q act on the triangles OPQ, OP'Q'. That 
p is, the moment of the friction is 

1(^3 _ pzye 

o 

The moment of the friction on the 
whole area 

Fig. 8i. = 

the limits for 0 being the values of 0 at the tangents OH and OK. 
Also in this case the value of S is 



/i(r2 ~ r'^)d0 

with the same limits for 0. 

179 . A uniform rod of length 2a and weig^ht W rests on a rough 
horizontalplane^ its weight being uniformly distributed along its length. If 

the rod is just about to move under the 
action of a force P applied perpendicular 
0 to the rod at a distance c from the centre^ 
to find P and the point about which the 
rod will begin to hirn. 

The rod will clearly turn about 
Fig. 82. some point in its length. Suppose it 

begins to turn about a point D at a 
distance 2 x from the end B. The frictions on opposite sides of D 
will act in opposite directions. The frictions acting on BD have a 
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resultant which acts at the mid-point of BD. Similarly the 

friction on Al.) acts through the mid-point of AD and its magnitude is 


Taking moments about the point at which P is applied, 




Hence 


^ C) = O 

2 {a — ^ ac = o 


The positive root of this equation, which is the one that applies to 
the problem, is 

/ a — c { 4 - ) 


When c — a this gives x — , and as ^decreases from a to o, 

V 2 

X increases from this value to a. But the result in the extreme case 
where r = o, although correct, is not the complete answer, for the rod 
could turn about any point in the line of the rod produced. 

Resolving perpendicular to the rod to find P, we get 






180. A circular hoop is laid, on a rough horizontal table^ its weight being 
uniformly distributed. A light string which is wrapped round the hoop 
is pulled until the hoop just begins to move. To show that it begins to turn 
about the other end of the diameter through 
A^ the point where the string leaves the 
hoop. 

It is evident that by reversing the 
force the friction at every point would be 
reversed. This could not be the case 
unless the instantaneous centre were on 
the diameter through A in both cases. 

Hence the instantaneous centre must be 
on this diameter. 

Let B be the other end of the diameter 
through A, and P any point on the circle. 

Then BP A is a right angle. Now if the Fig. 83 . 

instantaneous centre were at C on AB 

produced, the friction at P would act perpendicular to CI‘, and its line 
of action would cut the diameter AB inside the circle. Similarly, the 
friction at all other points would cut AB inside the circle, and their 
moments about A would all have the same sign. But for equilibrium 
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the moments of the friction about A must be zero, and this could not 
be true if the instantaneous centre were at C. Moreover, it could not 
be true if the instantaneous centre were inside the circle, for then the 
frictions would all turn in the opposite direction round A. Hence the 

instantaneous centre must be at B, and the 
frictions all act in lines passing through A. 

181. When a body, which is supported 
at several points which are in contact with 
a rough plane, is acted on by external 
forces, it may begin to turn about one of 
the points of support. The friction at that 
point will be less than limiting friction and 
its direction will be unknown. ^Ve will 
find the conditions for this in the case 
where the only external force is applied at 
a given point of support in the body. 

Let F be the point at which the external 
forces are a[)plied, A the point of support 
about which we are supposing the body to 
turn. Let P and Q be the components 
of the external force perpendicular to, and 
along, AF; and let X and Y denote the 
components of the friction at A along and 
{)( rpendicular to FA, as shown in the figure. 

B, C, D, are the other points of support, and the distances AB, 
AC, AD, AF, are represented by by Cy d^ f. Also Z, R, S, T, are the 
limiting frictions at A, B, C, D. 

Taking moments about A and resolving perpendicular to and along 
AF, we get 

/p =/;R + rs + .rr.(i) 

Y = — P 4 - R cos j 8 + S cos y 4 - T cos S . . . (2) 

X =Q — R sin j 8 — S siny — T sin 8 • • • • ( 3 ) 

where j 8 , y, 8 , are the angles which AB, AC, AD, make with the direction 
of X. 

Now we know nothing about the friction at A except that it must 
be less than limiting friction. That is 

X2 4 - Y2 < Z2 

or X 2 < Z 2 - Y 2 

or (Q — R sin j 8 — S sin y — T sin 8)2 

< Z 2 — |r cos jS 4 - S cos y 4 * T cos 8 —^.(^R + cS + ^a^T) j ( 4 ) 

Since the limiting frictions Z, R, S, T, are all supposed to be Known, 
this last equation gives the limits within which Q must lie. If Y2 > Z2 
it is not possible to satisfy the inequality ( 4 }, and therefore the body 
could not turn about A under the action of a force at F» Let us 
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suppose, then, that /2 >Y2 The inequality (4) now tells us that 
(Q — R sin — S sin y — 1" sin 8) lies between -j- VZ2 — Y2 and 
— VZ2 — Y*-^. If (^1 and Q2 are the greatest and least values of Q 
consistent with these condititions, we have 

Qi — R sin fS — S sin y — T sin 8 = — Y2 

R sin 4 - S sin y -|- T sin 8 — Q2 = V 74 — Y2 

For turning about A, Q must be less than Qi and greater than 
Qg- That is 

Q <■ V /4 — Y 2 4 - R sin j8 4 - S sin y 4 - d' sin 8) 

I , ^ (c) 

and > — VZ“ — V 2 R sin 4 * S sin y 4 - T sin 8) 

These inequalities, combined with equation (i), are the conditions 
necessary for tifrning about A under a force at F. There is only 
one possible value for P, and Q must lie between 
the limits given by (5). M 

If FP is drawn to represent P, PN and PM .Q A 

to represent Q2 and Qi, the resultant force at F \ / 

which will cause rotaiion about A will be repre- 
sented by a line drawn from F to any point in 
MN lying between M and N. / \ 

182 . VVe will apply the method of the last / \ 

article to the case of a body on three su])ports / \ 

at A, B, and F, the limiting friction at the three / \ 

points being each equal to R. We shall find / \ 

what force applied at F will make the body just g/_ 

turn about A. given that FA = FB. 

Let FA =/, AB = b, angle AFB = 2a. 

By momems about A 

Fm. 85. 

/P = /;R 4 -/R 


whence 


P = R (2 sin a 4- i) 


Resolving perpendicular to and along AF, 

Y = - P 4- R 4 - Rsin a . 
X = (2 — R cos a . . . . 

The condition that A should remain fixed is 

X2 < R2 « Y 2 

or (Q - R cos a)2 < R2 - (- R sin a)2 

i.e, < R^cos^a 

From this inequality we get 


Q>o i 

and < 2 R cos a j 
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Thus P is given by (i) and the limits of Q are given by (4). 
If FN represents R(2 sin a -f i) and NM represents 2R cos a, then the 
resultant applied force at F may be represented by any line joining 
F to points in NM. 

183 . If the force applied at F does not lie within the limits found 
in the last article, it can be shown that it ijr^possible for the body to 
begin to turn about some point in BA produced 



Fto. S6. 


or AB produced. 

It is only necessary to show that, if we 
su})pose the body to turn about some point I 
in BA produced, the frictions brought into play 
can be balanced by a force at F. 

By taking moments about I and resolving 
along and perpendicular to IF, we get 

IV = r cos ^ . 2 R V rR . . (i) 

Q = 2Rsin^.(2) 

= R-f 2 Rcos^ ... (3) 


The equations (i) and (3) give the same 
value of P. Hence the three equation's are consistent, and the force 
whose components are P and Q would begin to turn the body about I. 

184. Condition for turning about an unsupported point. —To find 
the condition that a body should just turn about a point which is not 
a point of support, we have only to put X = o and Y = o in Art. 181, 
since the friction at the instantaneous centrd will be zero in this case. 
With these values of X and Y the equations (i), (2), and (3), of that 
article will give the conditions that the body should turn about A— 
which is not a point of support—under the action of the force whose 
components are P and Q. 

It will be noticed, however, that we are left with three equations 
front, which to find P and Q, if the positions of both A and F are 
given. But two quantities cannot generally satisfy three equations. 
This only means that, by applying a force at a particular point, we 
cannot make the body turn about any axis we choose, however we 
adjust the magnitude and direction of the force. But if, in addition 
to P; and Q, a couple whose moment is N is applied to the body, the 
moment N would appear in equation (i), and then we should have 
three equations to determine three unknown quantities P, Q, and N. 
That is, given the point about which the body is to turn we can find 
the system of forces necessary to produce the motion, and there is only 
one possible value for P, Q, and N. 

But suppose P and Q are given and the instantaneous centre is 
wanted. The equations (2) and (3) will contain known quantities, and 
the two unknown co-ordinates of the instantaneous centre referred to 
any axes we may choose. Hence these two equations are sufficient to 
determine the position of the instantaneous centre. But now equation 
(3) has to be satisfied, and it will not usually be satisfied unless we 
introduce a couple N. When this couple is introduced equation (i) 
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will determine its moment. Thus the couple N, which, in addition to 
the given component forces P and Q, will cause the body just to begin 
to move, cannot be chosen arbitrarily, but is deducible from P and Q, 

If, however, only the direction of the force at F were given, it would 
not be necessary to introduce the couple N into the equations. For 
then there would be three unknown quantities without it, namely, the 
resultant force and the two co-ordinates of the instantaneous centre. 

Although it is theoretically possible to find the instantaneous centre 
of initial motion when the body is acted on by a force with given 
components P and Q, or by a force acting in a given direction at a 
given point, yet in practice the problem is a difficult one. If there 
were more than three points of support the equations for finding the 
instantaneous centre would not be oPmuch use. 

185 . We will return to the problem of the isosceles triangle con¬ 
sidered in Art. 182, and find all the positions of the instantaneous centre 
when the only external force is 
applied at F. 

Let the frictions at A and B 
act along AC, CB. By taking 
moments about F for the equili¬ 
brium of the body, we find that 
the moments of these frictions 
at A and B are equal in magni¬ 
tude. That is 

R . AF. sin FAC 

= R.BF.sin FBC 

and since AF and BF are 
equal, it follows that angle FAC 
= angle FBC. Consequently 
the points FCBA lie on a circle. 

Now the instantaneous centre is at I, the intersection of the perpendi¬ 
culars to AC and BC through A and B respectively. The point I lies, 
therefore, on the circle through A, B, C, F, and is at the opposite end 
of the diameter through C. 

The instantaneous centre I could not possibly fall on the arc of the 
circle above AB, for then the frictions at A and B would both turn in 
the same direction about F, and the sum of their moments would not 
be zero. But I may fall anywhere on the arc below AB. We will now 
find P and Q. 

I^t the equal angles FAC, FBC, be denoted by ff. Then, resolving 
along and perpendicular to AF, we get 

Q = R cos (2a — 0 ) — R cos ff 
= 2R sin a sin (a — ff) 
p =r R -f R sin (2a — 0 ) -f R sin ^ 

= R{r + 2 sin a cos (a — ^)} 

There is yet another way in which the moments about F of the 
frictions at A and B could be equal. The lines of action of these 
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frictions might pass on opposite sides of F. But if these lines were to 
intersect, they would do so on the bisector of the angle at F (produced 
if necessary), and the co responding instantaneous centre would be on 
that line. Now this would make the frictions have equal, instead of 
opposite, moments about F, and therefore equilibrium would not be 
possible. But there is still another case to examine. The frictions 
might not act in intersecting lines, but in parallel lines. To make the 
moments of the frictions about F equal and opposite in sign, the lines 
of these frictions would have to be perpendicular to AB, and the 
instantaneous centre anywhere on AB produced or BA produced, but 
not between A and B. This agrees with the result of Art. 183. 

Thus a force applied at F may make the triangle begin to turn about 
any point on AB produced, or BA produced, or on that arc of the 
ciicumscribing circle which lies below AB, or about A or B 

186. A string or belt wrapped round a rough cylinder of any 
section. 

Sujipose a rough string is wrapped round a rough cylinder of any 

section, and is just about to slip when 
acted on by no forces but the tensions 
at its ends. 

Let us consider the equilibrium of 
an infinitesimal portion PQ whose length 
we will denote by dsy s being the length 
of the string from its first point of contact 
with the cylinder up to the point P. 
R is the normal pressure per unit length 
between ihe string and the cylinder at 
Fig. 88. any point. Hence fiR is the friction 

per unit length wdien the string is just 
about to slip. The normal pressure and the friction on ds are therefore 
and fiRds, neglecting all powders of ds above the first. Let dip 
denote the angle between the tangents at P and Q, and d(p the angle 
between the normal at P*and the force R^A. It is obvious that dtp is 
less than dip. 

Resolving along and i)erpendicular to the tangent at P, neglecting 
the weight of PQ, we get 

(T + d'V) cos dip — T — /xKds cos dtp -f Rds sin dtp = o . (i) 

(T -f" dT) sin dip ~ R^j cos dtp — fxRds sin dtp = o . (2) 

T and T -f being the tensions at P and Q. 

Now if we neglect higher powers of dip than the first, we may put 

cos dip = I, cos dtp = I, sin dip = dip, sin dtp :=z dtp , (3) 

Also the last term in each of the equations (i) and (2) is the product of 
two infinitely small quantities, and may be neglected, since it is infinitely 
smaller than the other terms. 

With the substitutions given in (3) the equations (i) and (2) become 

dT — fxKds = 0.(4) 

(T + dT)dip ^Rds^o .• . . (5) 
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Hence 

dT ^ 

. 

. • (6) 

and 

= R. 

ds 

. ( 7 ) 

Dividing (6) by (7) 

we get 



I f/T 

• . (8) 


. 

Therefore 

logjT = 4- a constant 


or 

T = . 

• - (9) 


If ^ IS measured from the tangent at the first point of contact of the 
string with the cylinder where tlie tension is 'J'o, then, since T = 'Fq 
when ^ =5 o, equation (9) gives 


To = A 

Therefore the tension at any other-point is given by the equation 

T = .. (lo) 


EXAMPLES ON CHAPTER VII 

r. A rod of length I and weight W rests against a rough horizontal 
rail and has its lower end on a smooth horizontal plane. The height of the 
rail above this plane is A, and the angle of friction between the rail and the 
rod is A. Find the greatest possible inclination of the rod to the horizontal 
and the corresponding pressure on the ho izontal plane. [Assume that 
^ > i/ sin A.] {Slightly modifiedf?'om London JLA.^ 1906.) 

The maximum inclination to the horizontal is A, and the pressure 

- a *) 

2. Suppose the floor in the previous question were rough, and the horizontal 
rod smooth. If, in this case, the rod were to rest in limiting equilbriuin at 
the angle 6 to the vertical, show that the coefficient of friction at the floor 
would be 

I sin d cos2 d 
ih ~ I sin2 B cos B 

3. A uniform ladder, of length I and weight W, rests with its foot on the 
ground (rough), and its upper end against a smooth wall, the inclination to 
the vertical being a. A force P is applied horizontally to the ladder at a 
point distant c from the foot so as to make the foot approach the wall. 
Prove that P must exceed 

/W 

-f i tan a) 

where u is the coefficient of friction at the foot. {^London B.Sc.^ 1906.) 

4. Define the angle of friction and by means of it determine graphi¬ 
cally where jammihg begins when n drawer is being pulled out by a handle 
to one side* 
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Prove that a sash window of height counterbalanced by weights, 
cannot be raised or lowered by a vertical force unless it is applied within a 
middle distance a cot ^ ; and prove that if the cord of a counterbalance 
breaks, the window will fall unless the width is greater than a cot 

{London B*A. and B.Sc.^ 1902.) 

5. A mass of 610 lbs. is placed on a rough inclined plane and is 

attached to a rope whose direction makes the angle tanwith the 
upper surfac( of the plane. The inclination of the plane to the horizontal is 
tan“-^ and the cc efficient of fiiction Find, to the nearest integer, the 
extreme values of the tension of the rope, in pounds weight, consistent with 
equilibrium. {London InterSd,y 1907.) 

r.»2 lbs. and 213 Ibs.J 

6. A particle of w eight W rests on a plane inclinea at a to the horizontal, 
a being less than the angle of friction between the body and the plane. A 
horizontal force, P, is applied to the paiticle in the direction perpendicular 
to the lines of slope ot the plane. P is increased gradually until motion 
begins. Find the magnitude of P when motion begins, and find the direc¬ 
tion of motion, taking /x to be the coefficient of friction. 

[W cos a — taiF a); the initial motion makes an angle with the 
lines of slope whose secant is /x cot a.] 

7. A uniform ladder AB rests at one end, A, on the ground, and at the 
other ag^nst a vertical wall, the coefficients of friction at A and B being ^ 
and J respectively ; a man, whose weight is three times that of the ladder, 
ascends it. What is the least inclination of the ladder to the ground for 
which it will be possible for the man to reach B ? {London Inter, Scil) 

[tan-i fi.] 

8. A ladder, whose centre of gravity is halfway betw^een its ends, rests 
upon a pavement and against a wall in the usual manner, but the wall slopes 
inwards and the pavement downwards, each at an angle a, the wall being 
perpendicular to the pavement. If ^ be the limiting angle of friction both 
at the wall and at tne pavement, show that the ladder, when in limiting 
equilibrium, makes an angle 0with the pavement such that^ = irr -f a — 2^. 

{Board of Education^ Stage III., 1909.) 

9. Two equally rough pegs, A and B, are at a distance 2a apart in a 
straight line inclined at an angle B to the vertical. A rod passes over the 
peg A and under the peg B, and is just kept from sliding down by the 
friction at the pegs. Prove that the centre of gravity of the rod must be at 
a distance from the upper peg A equal to 



where /x is the coefficient of friction between the rod and the pegs. 

10. A uniform rod AB is supported at an inclination a to the horizontal, 
with its lower end B on a rough horizontal plane, by a light string attached 
to A. Prove that the greatest inclination {B) of the string to the vertical 
is given by 

cot ^ - ± 2 tan a 

according to the direction in which the end B is going to move. 

(Victoria University^ 1901.) 

11. A right cone is held with its base against a rough vertical walj by 

means of a string attached to its vertex and to a point in the wall vertically 
above the highest point of the base. Find the greatest length of string for 
which equilibrium is possible. {Board of Educationy Stage ///., 1905.) 

[Greatest length = 4 - 4r)2 4- ^2,] 
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12. Diaw a circle to touch a horizontal line BC in C, and from B draw a 
line BA to touch the circle at D. Suppose the circle to represent a cylinder, 
held firmly, and AB to represent a uniform rod resting against the cylinder 
at D with one end B on the ground. If the rod is on the point of sliding, 
show that 

a sin 'iQ — h sin irj) 

where 2a denotes the length of the rod, d the distance BC, 9 the angle 
ABC, and ^ the angle of friction at B and at D. 

13. If r denotes the radius of the cylinder in the last question, show that 
the values of 6 for which equilibrium is impossible lie between those given 
by the equation 

cos 0 = - ±A /- — — sin 26 
2 A/ 4 ^ 

14. A uniform solid right prism of length whose section is a rectangle 
with sides a and is placed so that one of the edges of length belonging 
to a face of breadth is in contact with a smooth vertical wall, and the 
opposite edge of the same face lies along a rough horizontal table, the 
coefficient of friction being fx. Prove that equilibrium is not possible unless 
the height above the table of the highest edge of the prism exceeds 

4 - 

('^2'4.(27^^ 

{London B,A,, 1908.) 

15. The centre of gravity of a gate is c feet from the line of the hinges, 
and the hinges are h feet apart in a vertical line. If h is less than 2/xc, 

being the coefficient of friction at the hinges, prove that the gate can be 
supported by the friction at the hinges without resting on the bottom of the 
supporting pins. 

16. Suppose the gate, referred to in the last question, is not resting on 
the bottom of the supporting pins, and suppose h < 2p^:. If r is the radius 
of the supporting pins, prove that, when the gate is rotating with a constant 
angular velocity w, it is descending with a velocity 

hroi 

[Assume that the forces balance during this steady motion.] 

17. A heavy chain rests in a vertical plane on the rough convex peri¬ 

meter of a vertical polygon, passing over small smooth pulleys at the 
angular points. Show that, in limiting equilibrium, the line joining the 
ends of the chain is inclined to the horizontal at an angle equal to the angle 
of friction. {Board of Education^ Stage III,, 1907.) 

t 8. Two similar rods AB, BC, each of length 2a, are rigidly connected 
together at B so that the angle ABC is a right angle. They are placed in 
equilibrium over a fixed rough cylinder of radius a, whose axis is horizontal: 
show that slipping is about to take place in a vertical plane when the rods 

are inclined to the vertical at angles 2^, where is the angle of 

friction. {London B.Sc,, Honours Maths,, 1908.) 

19. Two similar cylindrical circular logs lie in contact with one another 
on a rough horizontal plane. A third similar log is placed on top of them 
with its axis parallel to the axes of the first two. Show that, for equilibrium, 
the coefficients of friction between the logs must exceed 2 — V3. Show also 
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that if the coefficient of friction between the logs is less than this quantity 
the two lower logs will roll apart. 

[If A and B are the points of contact of one of the lower logs with the 
horizontal plane and the upper log, show that, for the equilibrium 
of this lower log, the actions at A and B must act along the line 
AB. Thence show that fL > tan 15°.] 

20. A beam with square section is in equilibrium in contact with two 
equal parallel circular cylinders which rest on a horizontal plane, the edges 
of the beam being parallel to the axes of the cylinders, and its faces inclined 
at 45° to the horizontal. Show that the friction between either cylinder 
and the floor is the same as between that cylinder and the beam. Also, if 
equilibrium is possible, show that the angle of friction between the beam 
and a cylinder must be greater than 22j° 

21. If the coefficient of friction between the cylinders and the horizontal 
plane in the last question is J, and if they are just on the point of slipping 
on the plane, prove that the weight of the beam is just over three times the 
weight of each cylinder. 

22. A hollow cylinder with inner and outer radii a and b, has one end 
pressed against a rough*"plane with a force P. Assuming that the pressure is 
uniformly distributed over the aiea, find the couple necessary to turn the 
cylinder about its axis while the pressure is maintained. 

q- ab 4- ^2 


23. A friction cone is a frustum of a cone which fits inside a hollow cone 
and is turned by the friction between the inner surface of the hollow cone 
and the outer surface of the frustum. If the larger and smaller radii of the 
frustum are b and the semi-angle of the cones a, and the force pushing 
the frustum into the hollow cone P, what is the moment of the maximum 
friction about the axis, assuming the pressure to be uniformly distributed 
over the surfaces ? 



a2 -f + ^2 

cosec a-, , • 

a + b 


24. A conical friction clutch fora motor car engine, of 20 horse-power, to 
run at 800 revolutions per minute, has an inclination of the cone surface to 
the axis of i in 12, If the coefficient of friction of leather on cast iron (the 
materials of the rubbing surfaces) be taken as 0*2, and if the two halves are 
pressed together with an axial force of 200 lbs., find the mean diameter 
of the friction surfaces (assuming slipping). 

{Manchester University^ B.Sc. Tech,^ 1907*) 
[Take a and b in the last result each equal to the mean radius, since 
the difference between them is small in cone clutches. The 
answer is 6*56 inches.] 

25. A uniform rod, of length I and weight W, resting on a rough hori¬ 
zontal table, is attached to a fixed point on the table by two strings of the 
same length tied to its ends. Assuming that the pressure on the table is 
uniformly distributed over the length of the rod, show that the minimum 
force which must be applied perpendicular to the rod at one end to make it 
move when the strings are taut is 


J/LtW{cosec a + cot* a log (tan a + sec a)) 


where 2a is the angle between the strings, and the coefficient of friction. 

26. A right prism whose section is an isosceles triangle with vertical 
angle 2a, rests with one end on a rough horizontal plane Assuming that 
the weight W of the prism is uniformly distributed over the area of contact, 
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and that the coefficient of friction is find the force which must be applied 
along the base of the triangle in order to turn the prism about the edge 
through the vertex of the isosceles triangle. 

[JftW{sec a 4- cot a log (tan a + sec a)}.] 

27. A string passes once round a rough post (coefficient of friction /x), 
and equilibrium is maintained by tensions P, Qj at its extremities. If Q be 
fixed in magnitude, show that it is the geometric mean of the limiting values 
of P. 

If the greater of these values is e times the lesser, prove that fi - . 

4-7T 

{Boar^i of Education^ Stage III.) 

28. Prove that the tension of a light string coiled round a rough post 
increases in geometrical progression as the angle turned through by the 
string increases in arithmetical progression. 

Five similar rough pegs are driven into a wall so as to form a pentagon 
the lowest of whose sides is horizontal. If /x be the coefficient of friction, 
find the greatest weight which can be supported by a force P at one end of 
a rope hanging over the upper three pegs. anchester U7iiversity^ 1907.) 

[Pe#^’>' if P is applied vertically.] 

29. The coefficient of friction between a rope and a post is 0*2. How 
many times must the rope be wrapped round the post so that when a man 
pulls at one end with a force of 30 lbs. the other end can resist the motion 
of a bjirge with a force of 4569 lbs. ? 

[4 times.] 

30. A driving belt runs round two pulleys of unequal sizes. The belt is 
in contact with 200® of the larger pulley and 160^ of the smaller. What 
must be the ratio of the coefficients of friction at the two pulleys if there is 
maximum friction at both pulleys for the same difierence in tension ? 

[The ratio is f, the greater coefficient belonging to the smaller 
pulley.] 

31. A light string is tied tightly round several pegs stuck in a board at 

the corners of a convex polygon. If a force P, applied to the string along 

one of the sides of the polygon, will just make it slip round the pegs, show 
that the tensions on opposite sides of the point where the force is 
applied are— 

p 

«2Mir _ , ZT 

32. Three rough cylinders with equal radii a are fixed with their axes 
in a horizontal plane at equal distances 4a apart. A cord is passed over the 
outer two and under the inner cylinder in one vertical plane, and weights 
W and w are attached to its ends If the coefficient of friction is 0 6 and if 
W is just about to descend, show that 

W = = 2^w approximately. 

^ {Manchester University^ 1909.) 

33. When a horizontal shaft rotates in a pair of loose fitting bearings, 
show that fhe vertical line through the point of contact of the shaft with 
either bearing is at a distance r sin ^ from the axis of the shaft, where r 
denotes the radius of the shaft and ^ the angle of friction between the shaft 
and the bearing. 

34. The bearings of a perfectly straight shaft are in a line inclined at a 
to the horizontal. Show that the axial thrust at the lower end necessary to 
keep the shaft from slipping through the bearings when the shaft is rotating 
is the same as would be necessary to keep the shaft from sliding down a 
perfectly smooth plane at inclination a to the horizontal. 
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35. Suppose r is the radius of the shaft in the last question, to ijp angular 
velocity, and the coefficient of friction. If no axial force acts to prevent 
slipping through the bearings, prove that the friction acts along spiral curves 
on the shaft which make the same angle 6 everywhere with the generating 
lines such that 


tan 6 


V 


cot^ a - I) 
I 4- 


and thence show that the shaft slips through the bearings with a steady 
velocity 

rcos/i + 
cot^ a ~ i) 

when o) is constant and fi greater than tan a. 

[If ft is less than tan a the velocity accelerates and the problem becomes 
a dynamical one.] 

36. A rope passes round a grooved pulley, the faces of the groove being 
inclined at 2a to each other. If ft is the coefficient of friction between the 
rope and the pulley, Tq the tension of the rope at first contact with the pulley, 
T the tension at an angle 0 further round the pulley, show that, when the 
rope is slipping, or on the point of slipping, the rope sinks into the groove 
just as much as if the surface were perfectly smooth ; and prove that 



CHAPTER VIII 

STRINGS AND CHAINS UNDER GRAVITY 

187. In this chapter we shall deal with peffectly flexible strings and 
chains. A string is perfectly flexible when it offers no resistance to 
bending at any point. A string or chain approaches this ideal very 
nearly, particularly when the curvature is everywhere small. A string 
offers some resistance to bending at every point, and a chain will hardly 
bend at all under moderate forces except at the junctions of the links. 
But when the tension is much larger than the external force per foot, 
there is no appreciable error in treating a string as perfectly flexible. 
Also a chain whose links are short compared with the radius of 
curvature of the curve which it assumes, behaves very much like an 
ideal perfectly flexible string. 

188. Uniform Catenary.— When a string is suspended with its ends 
attached to two points not in the same vertical line, the curve assumed 
by the string is called a catenary. 
that is, if its mass per unit length 
is constant, the catenary is called 
the common or uniform catenary. 

It is possible to make a chain 
hang in any one of an infinite 
number of types of curve by 
properly choosing the density of 
the curve, but only a few of these 
types bear the name of catenary. 

We will now find the equation 
of the uniform catenary. Let 
ALB denote the string of which 
L is the lowest point. The axis 
of y is taken as the vertical 
through L, and the axis of x will 
be fixed according to conveni¬ 
ence. We are going to consider 
the equilibrium of the portion 
LP. Let the co-ordinates of P 
be X and y^ and let the length of 
the arc LP be s. If w is the weight of unit length, the weight of LP is 
W5. The equilibrium of LP would clearly not be affected if this portion 
became rigid and the same forces acted on it. Consequently, the 
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forces acting on it satisfy the conditions of equilibrium of a rigid body. 
Denoting the tensions at L and P by Tq and T, we get, by resolving 
vertically and horizontally, 



T sin 0 = ws . . . . (i) 

^ T cos ^ = 'I'o .... (i) 

Dividing (i) hy (2) 

w 

= s .... (3) 

Writing c for this last equation can be written 
s = c tan i/r . . . . (4) 


This is the intrinsic equation, and from it we shall deduce the 
cartesian equation. 

_ dv d\ ds . , ds 

In any curve *^4 

But from (4) = <r see* 4 > .(s) 

Therefore = ir s'm ip sec-tp (6) 

whence y = c .sec ^ 4- A.(7) 

Now let us take the axis of .r at a distance c below L, so as to make 
the constant A zero. Then 

y = cseciff .(8) 


We might now get x in terms of ^ by a similar method, and then jind 
the relation between x and y by eliminating ^ from the expressions for 
X and^'. But the following method is, in this case, rather simpler :— 


Therefore 
from which 


dy . 

-y ~ tan tp 
dx ^ 

= (sec2 ip i) 


=0 1’y w 


dx 
dy ' 




c cosh"-! - + B 
c 


(9) 


But the constant B must be zero, because, by our choice of axes, 
a: = o when y = c. Hence 







ST JUNGS AND C//A/NS UNDER GRAVITY 


129 


r cosh 4 -c j . * . . (10) 

which is the required cartesian equation. 

189 . Some Properties of the Catenary. 

(a) Equation (2) gives 

T = Tq sec ^ 

But Tq ^ cw 2lX\A y ■=• c sec (/f. Hence 

T = 7 ey .( 11 ) 

Thus the tension at any point is equal to the weight of a portion of 

the string which would extend in a vertical line from that point to tlie 

axis of X. An equivalent result was proved in Art. 152, Example 5. 

(If) Since s = c tan \js 

and y ~ c sec t/f 

it follows that _ ^2 ~ ^2 . ^ ^ ^ ^ , ^12) 

V) Again, using (12) and (10) 

= y2 ^2 

= cosh- — i:2 

iT 

= sinh2 - 
c 

( X x\ 

— e , , . . (13) 


It should be pointed out that s must be regarded as negative when 
X is negative. Moreover, iff is negative in the same region, so that both 
equations (4) and (13) agree in giving a negative value to s when x is 
negative. 


(T) From (10) 



X s 

Thus tan ip ~ sinh “ = “ ...... (14) 

This result also follows from equations (4) and (13). 

^ 190. A uniform chain is suspended from two points in the same 
horizontal plane, and the inclination of the catenary at the points 
of suspension are known. To find the equation to the curve and its 
total leng^th. 

Let the horizontal distance between the points of suspension be 2a^ 
and let the value of tan ip at one of the points of suspension be /. We 
will denote the value of s at* the point of suspension where the inclina¬ 
tion is given by si. The value of x at this point is a. 
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From (14), Art. 189, 


that is 


sinh ^ / 

c 


e = 2/ 


(15) 


We have to find c from this equation. It is a quadratic in c*'-. Thus, 

a 

on multiplying by we get 
a\2 


whence 


/ a\2 a 

yec ) ^ 2 /gc — 1=0 

a _ 

^ / 4- V^/2 4. I 


the negative root being omitted since cannot be negative. 

a 

Hence 
Thus £ 

Now the equation is 


iogc(^+ V/2+ l) ' 
Thus c is found because a and t are given. 


y = c cosh ~ 
c 


If }\ denotes the value of y at one point of suspension 

= <r cosh - 


. (16) 


(17) 


This gives y^y and therefore the position of the axis of x. Now the 
positions of the two axes are known, and (17) gives the complete 
equation to the curve. 

Also by equation (4) 

= r. / 

at ^ 

and the total length of the chain is 2^2. 

191. A uniform chain of length 2 / has its ends attached to two 
points, A and B. To find the equation to the catenary in terms of / 
and the vertical and horizontal distances of B from A. 

Let the equation be 

y = c cosh “ ••••••« (19) 

c 

where c is at present unknown and also the position of the origin 
unknown. 

Let the co-ordinates of A be Xy and those of B (jr + {y + 2^)1 
where a and b are known but x and y are unknown. Also let or denote 
the value of j* at A* 
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The quantities a, b, and /, are given, and our first task is to find c. 
By equation (19) we have 

X 

y ^ c cosh ~ ..(20) 


and by (13) 

Again, by (19) 


y 2b C cosh 


fs ^ c sinh 


X -Y '2.a 


= /cosh - cosh + sinh sinh - \ 

\ C C € C ^ 


,2a 2a 

= y cosh-h O' sinh —. 

c c 


By (13) again 


a -f 2/ = sinh - ~ 


3 = c{ sinh ^ cosh -- -|- cosh sinh - ) 
\ c c c c / 


= (T cosh - -Yy sinh 

<r c 


From (22) and (23) 

4/2 _ 4^2 = ( , 2 - 


. , « 2<7 / ^ 2a 

sinh2 —Icosh"- 
^ \ c 


-Tj 


/ 2a , 2a . 2a \ 

= A sinh2 - — cosli--h 2 cosh-1 ) 

\ c c c y 


because y^ — = c- by (12) 


2a , ^ 2a 

cosh^-sinh^ = i 

c c 


Hence 


4/2 - = (-2(^2 cosh ^ - 2) . • (24) 


Thi's is the equation to determine c. To simplify this equation, put 


M for I'hen 

€ 


3(/2 ^ b^) = \ (cosh 2a - l) 


a2 

= 2"o • sinh^ z 


Therefore 


sinh z =-- z (25; 




132 MECHANICS OF PARTICLES AND RIGID BODIES 


The easiest way to determine z is to plot the two curves 


y = sinh x . 

. . . (26) 

V'/2 _ 1,2 

. . . (27) 

1 

! 

11 


and the value of x at their point of intersection is the value of z given 
by (25). A table of values of sinh x will be needed to do this work 
expeditiously. 

Suppose z is found from equation (25). A glance at the form of 
the curve for (26) will show that it can only meet the line (27) once in 
the region where is positive. There is, therefore, only one positive 

root of (25), and when this is found c is known because c = We 

z 

have now to find the position of the origin. 

After eliminating (t from (22) and (23) we get 


^|sinh2 


01 

or 


(^cosh I = 2^1 sinh ~ /^(^cosh — i)| 

2j^^cosh ~ “ ^^cosh 


, sinh 2Z , 

y ss / — - — ^ 

cosh 2^—1 
,cosh z , 
sinh z 


(28) 


Since z is now known, this gives the value of y at A, and therefore 
the position of the ar-axis is determined. The position of the^-axis can 
be determined by finding <r, and then using (21) to calculate x. 

Thus, from (22) and (23), in the same way as y has been found, 
we get 


<r 


^ cosh z 
sinh z 


I 


(29) 


Then from (21) 


X ^ c sinh*"! 


= ^ loc 


<7 4- 


<30) 


Thus X is determined, and therefore the position of the ^'-axis is 
known. The problem is now completely solved. 

Numerical Example. —Suppose = 5, / = 12, ^ = 8. Then the 

equation for z is 


jinh z = 


12^ 


82 

~-z 



5 
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The value of z satisfying this equation is 
z = i ’976 


Hence 


^ 5 

= - — = 2530 


z i ‘976 
^ rosh 1*976 

^ sinh 1-976 - I" = 8 X 1-0392 - 12 = -3-686 


-3 -686+ 7(3-6 862+ 2-5302) 

2 'Slo' 


X = 2-530 log, 

= (2-530)(2-303) logic (o'3>o) 
= —2*96 

= 12 X 1*0302 — 8 = 4*470 


Thus the :»^-axis is at a distance 4 470 below the lower point of 
suspension, and the ^-axis is between the two points of suspension and 
at a distance 2*96 from the lower point. The equation to the curve is 


y =r 2'K'IO COSh - - 

^ JO 2*530 


192. To express a; in terms of s and the height above the lowest 
point of a uniform catenary. 

Let z denote the height of any point P above the lowest point of the 
catenary; x and y are the co-ordinates of P, and s is the length of the 
arc from the lowest point to P. Then 


£=y 




2c sinh2 — 

2C 


(31) 


X X X 

Also s ^ c sinh " = 2 c sinh ‘ cosh — 

C 2C 2C 


X 


Therefore 

Z . X f'C — I 

= tanh ~ = V- 

S 2C ^ 

ec + 1 

whence 



\l - - / 

Also {z 4* cy^ 

^ ,2 = y2 ^ ^2 ^ ^2 

and therefore 

i2 - ^2 

^ 2Z 


Substituting this value of c in (34), we get 



• • (32) 

• • (33) 


(34) 


( 35 ) 
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_ f , jz j z\ 1 I si \ 

~ 23'V “ V7'*'3'j3+ 7',f7 + ■■■) 


( 2 

= ^1 I - - . . 

^ I.^ s- 


2 


3-5 


5 - 7 '•f® 


-...) 


(36) 


If z is very small compared with as in the case of a telegrai)h 
wire, or a measuring chain stretched across a river or a hollow, we get 
a good approximation by omitting all powers of z beyond the second. 
Then 


2 

X s -. 

3 ^ 


2 


(37) 


Thus, if the two ends of a measuring chain of length / are at the 
same level, the horizontal distance a between these ends is 




8 ^2 
3/ 


(38) 


a I 

obtained by putting - and - for a* and s in (7). z is the droop of the 

middle of the chain below the level of the eneV-. 

If X is known, and an approximate value of s is wanted, we may 
write (37) thus 


Now j is nearly equal to and we may put x for s in the second 
term of this equation, since we shall only introduce a small error in a 
small term. Then 

2 

^ = ■* + 3-^ • • • ; • • • (39) 

- 193 . Parabolic Catenary.— Suppose a chain is loaded so that the 
weight supported by a portion of the chain between any two points is 
proportional to the horizontal distance between verticals through those 
points. This is approximately the condition of a chain supporting a 
bridge whose weight per foot is constant. The ends of the chain are 
attached to two pillars, and the bridge is attached by vertical rods to 
different points of the chain. 

Let the lowest point of the chain be taken as origin, and let w be 
the weight per horizontal foot. Then the weight supported by the piece 
of chain from the origin to the point [x^y) is wx. Hence, by the same 
method as for a uniform chain, 


T sin ^ = wx (i) 

T cos t/f = Tq .(2) 

Dividing (i) by (2), 

- 71 / 

tan ^ = ^.r.(3) 
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that is, 


dy 

Tx~T^^ 


Hence .(4) 

2 1 Q 

The constant of integration which should appear in (4) is omitted, 
because it is zero by our choice of the position of the origin. 

Squaring (i) and (2), adding, and then taking square roots, 

+ .(5) 


By using (4) to express Tq in terms of x and this can be written 


“ J .( 6 ) 

194 . Chain under any Load.—A chain is suspended from two 
points and acted on by no forces but its own weight and the reactions 
at the supports. To find equations for determining the form of the 
curve and the tension in the chain, the weight per unit length of chain 
being constant or variable. 

Let W denote the weight of the chain from the lowest point L to any 
point P, whose co-ordinates are x and y. 

By considering the equilibrium of the portion LP we get, in just the 


same way as in Art. 188, 

T sin ^ = W . . , . 

• • 

. (I) 


T cos ^ = Tq . . . . 

• • 

• (2) 

Dividing (i) by (2)1 

■r_ • __ A*. wwv 

dy , W 

ifa: ~ ^ ~ to ■ * * ' 

• • 

• (3) 


In this equation W will, of course, be a variable quantity. In general, 
it can be expressed as a function of x or j. For the uniform catenary 
W = wx, and for the parabolic catenary W = wx. When W is expressed 
in terms of ^ or x equation (3) gives a differential equation for the curve 
in which the chain hangs. 

If w is the weight per unit length of chain, constant or variable, we 
may write (3) in the form 


tan ^ = 


/ ivds 


(4) 


If, however, the shape of the curve is given and the density w is 
required, we must differentiate (4) with respect to x. Then 


sec^ 


A, 

^ ds 


to 


(S) 


which gives O'in terms of known quantities since the equation to the 
curve is known. 
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195. Other Forms of the Equations. —It is sometimes useful to 
have the equations of equilibrium of a chain in different forms from 
those obtained in (i) and (2) of Art. 194. All 
T+o^T the different forms can, of course, be deduced 
from equations (i) and (2) by purely mathe¬ 
matical transformations; but we shall here obtain 
our equations by another method. 

Consider the equilibrium of a small portion 
of the chain, PQ, of length ds. Resolving the 
forces along and perpendicular to the tangent 
at P, 

(!' -f ^T) cos r /0 — T = wds sin 0 
(T -f dT) sin dif) = wds cos xjj 

where wds is the weight of the portion ds^ T and 
T + dT the tensions at P and Q. 

Retaining only first order quantities, these equations become 

dT = wds sin i/r = wdy 
Tdip = 7 vds cos ^ = 7 i>dx 

dx and dy being the co-ordinates of Q relative to P. Hence 



dT 

-dy - - 

dx 


( 6 ) 

(7) 


These two equations may be used instead of (i) and (2) of Art. 194. 
Moreover, equation (6) is true even for a chain pressing against a 
smooth curve, because it was obtained by resolving along llie tangent, 
and a normal pressure would not appear in this equation. If w is 
constant, equation (6) gives 

T = ivy + C 

which agrees with the result obtained in example {5) in the chapter on 
virtual work. 

196 . Suppose two chains of equal lengths are suspended from two 
points A and B, and suppose their densities at a distance s from A 
(measured along the chains) are w and kw respectively, k being con¬ 
stant. Then the two chains will hang in the same curve. 

For it is clear that, if T is the tension in the first chain, the equations 
(6) and (7) which will give the equation to the curve will only be 
multiplied all through by k if we put kw and kT for w and T 
respectively. Hence the differential equations with these substitutions 
will remain unaltered, and the only other conditions of the problem are 
the geometrical ones that the curves must both pass through the given 
points of suspension. Thus all the conditions for the curve of the 
second chain are the same as for the first if we put kT for T, This 
means that the chains will hang in the same curves, and their tensions 
will be in the ratio of their densities. 
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Thus two uniform chains of the same length will hang in the same 
curve between the same two points, whether their densities are equal 
or not. 

Again, the previous argument can be modified so as to cover the 
parabolic catenary where the load is a uniform horizontal one. Whether 
a heavy or a light bridge is supported by a chain, provided the weight 
per horizontal foot is constant for each bridge, the chain will assume 
the same parabolic form. 

197 . We will now work out a few examples. 

Example (i). — The equation to the ctirve in which a chain hangs 
is s = c tan tp. To find w, the weight of imit letigth of the chain. 

By (5), Art. 194, 

w = Tq sec2 

But here ftp ^ ^ ^ 

Hence lo = = a constant 

Example (2). — If the equation to the ctin^e is y= kx^, to find w. 

w = To sec 2 


But here 


tan ip 


dy 

dx 


= 2 kx 


Therefore, differentiating again with respect lo s 
^ ds ds 


Hence 


dx M 

W = 2k I = 2k Jy COS ^ 


We may write this result thus 

wds = 2//rQdx 


that is, the weight supported by ds is proportional to dxy its projection 
on the :x:-axis. This is the same as a uniform horizontal load, which 
has been considered in Art. 193. 

Example (3). —Find w for a chain hanging in the form of a cycloia 
whose equation is s = 4a sin i/r. 

j = 4« sin ip 


Differentiating with respect to s 

I = 4« cos 


w 


Ty sec 2 



Hence 
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Example (4). —The load supported by a chain is ax* + b per 
horizontal foot. To find the equation of the curve. 

The weight from the lowest point to x is 

\ {ax^ + b)dx ~ (lax^ + bx) 

0 

Putting this for W in equation (3), Art. 194, we get 

Therefore = j^ax^ -f ^bx"^ 

No constant need be added if we take the origin at the lowest point 
of the curve. 

198. Catenary of Uniform Strength. —If a rope be made so that 
the cross-section at every point is proportional to the tension it will 
have to bear, then it will be just as likely to break at one point as at 
another. If the only force on such a rope suspended from two points 
is its own weight, the curve assumed by the rope is called a catenary of 
uniform strength. 

Let p be the weight of unit volume of the material, a the cross- 
section at any point. Then the volume of unit length in this neighbour¬ 
hood is a, and therefore the weight w per unit length is pa. Also 
H ^ ka. a is, of course, different at different points of the rope. 
Substituting for w and T in equation (7), Art. 195, we get 

^4t=p^ . 

h 

Therefore x == . (2) 

P 

the constant being zero if we measure x from the lowest point of the 
curve where ^ = o. 

Now ^ = tan ^ = tan .(3) 

Hence ^ ~ ^ . 

This is the cartesian equation to the curve. 

TT TT 

Since 0 must lie between the limits and -f--, equation (2) shows 
hTT krt 

that X must lie between-ahd H-. Thus the maximum span 

2p 2p ^ 

kiT 

for such a rope is — • 

Fig. 92 shows the form of the curve. 

The quantity k is the tension across unit area of any normal section 
of the rope. If k be taken as the breaking tension of the material, the 
rope will be just on the point of breaking everywhere. We will now 
show that, with this value of the maximum span calculated for this 
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catenary is absolutely the greatest span it is possible to get with a rope 
of the given material. 



199 . Equation (7), Art, 195, is 


1 ' = Uf 

ax 


Hence 


T . 


dx 

dijj 


T 


( 5 ) 


If — is expressed in terms of the span of the catenary assumed 


by the rope is obtained by integrating (5) between the limits for iff at 

IT 

the ends of the rope. Now tp can never be greater than - , and never 

TT 

Jess than — -. Hence the maximum span for any rope is subject to 
the condition 


max. span < 
Now = pa. Hence 

max. span < 

i.e. < 




i; 

I 




n P 
2 
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T . 

where P is the breaking tension for a section of unit area, for — is 
the tension across unit area. 

It follows that we get the greatest span in the catenary of uniform 
I T 

strength, where ~ • - has the greatest value it can possibly have, namely, 
p ^ 

—. And in this case the span is less than 



-dilf, or less than tt - 
P P 


2 


Even in the catenary of uniform strength, ^ is only equal to ~ when 

TT 

y = C30 , so that it is not possible in practice to make xjj quite equal to 

The breaking tension for ^ strong steel rope is 130,000 lbs. per 
square inch. Also p = 480 lbs. per cubic foot. Hence the extreme 
limit for a span by any steel rope is 


^ X ^ 30.000 x. M.4 ^ 

480 

If we take the tension per unit area as \ of the breaking tension, the 
extreme limit for the span is ~th of the above value, that is, nearly 
4 miles. 

If the extreme values of ip are large, the droop of the curve at the 
middle will be very large. Suppose, then, the extreme values of \p are 

77 k k TT 

± -7. Then, since x = - 0 , the span will be-- For the steel rope 

6 ’ ^ p 3 

considered above, with a factor of safety six, the span is | miles, and 

k 77 . . 

the droop at the middle is - log« sec which is about 300 yards. 


EXAMPLES ON CHAPTER VIII. 

I. A uniform chain has a mass 2 lbs. per foot length, and the catenary 
in which it hangs has the equation 

y = 10 cosh — 

^ 10 

Find, by using the tables, the tension and the vertical component of the 
tension at tiie point where ;r = 25 feet. {London B,Sc.^ 1907*) 

1122*65 lbs., 121 lbs.] 

^ 2. A kite is flown with 600 feet of string from the hand to the kite, and a 
spring balance held in the hand shows a pull equal to the weight of 100 feet 
of the string, inclined at 30° to the horizontal. Find the vertical height of 
the kite above the hand. (London BSc.^ 1908.) 

[556 feet.] 
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3. A uniform chain is stretched between a point on the ground and a 
point 100 feet above the ground. The tension at the ground is equal to the 
weight of 3100 feet of the chain, and the inclination to the horizontal of the 

tangent at that point is cos“^ Find the length of the chain to the 

nearest inch. {London B.Sc.^ 1910.) 

[i 16 feet I inch.] 

4. A boat is towed by means of a rope attached to a ship, and the lower 
end of the rope makes 30° with the horizontal. If the length of the rope is 
36 feet, and the upper end is 20 feet higher than the lower end, find the 
resistance of the water to the motion of the boat, the weight of each foot of 
the rope being ten ounces. 


[121*2 lbs.] 

' 5. A is the lowest point of a uniform thread hanging from two fixed points, 
B and C. Let a, be the heights of A, B, above the directrix of the catenary 
formed by the thread. Show that the length of the thread between A and B 
equals J{T^ - 

One end of a uniform thread is fastened to a fixed point at a given height 
above a rough horizontal plane, on which part of the thread lies (the whole 
of the thread being in one vertical plane). Find the greatest length of 
thread that can hang between the plane and the point. 

{Board of Education^ Honours^ 1897.) 

[The greatest length is f{h^ + + 2/x///) — \ih, where h is the 

height of A, I is the length of the thread, /x the coefficient of 
friction.] 

„' 6. In the common catenary prove that 


X — c logg (tan ^ + sec 0). 

A chain is suspended between two points at the same level. The inclination 
of the tangent to the horizontal at one end is 45°, and the distance between 
the verticals through this end and the nearest point where the tangent is 
inclined at 30” is 24 feet. Find the span. 

[127*4 feet.] 

f 7. Show that the length of an endless chain w^hich will hang over a 
circular pulley of radius a so as to be in contact with two-thirds of the 
circumference of the pulley is 

{London B.Sc^^ *9^)9-) 

8. If a heavy flexible chain, whether uniform or not, is suspended 
vertically from two fixed points, show that the tension has everywhere a 
constant horizontal component. 

A uniform chain, of length 2/ and weight W, is suspended from two 
points A, B, in the same horizontal line. A load P is now suspended from 
the middle point of the chain, and the depth of this point below AB is found 
to be K Prove that the terminal tension is now 


<4 


+ W 


.;i2 + /2. 

~2hl j 


[London BSc.^ 1904.) 

9. A rope of length 2/ feet is suspended between two points at the same 
level, and the lowest point of the rope is b feet below the points of suspension. 

Show that the borUontal component of the tension is ~ 
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lo. The second of two barges is towed by means of a rope connecting it 
to the first. The ends of the rope are fastened to two posts on the barges 
each at height 6 feet above the level of the water. If the length of the rope 
is 120 feet, its weight 37^ lbs., and the lowest point of the rope just touches 
the water, find the resistance of the water to the motion of the second barge. 

[92*8 lbs.] 

/ II. If a rope of length / is attached to two points which are at heights 
p and q above the lowest point of the rope, show that the equation to 
determine c is 


2/2{//2 4 - $^8 + 2C{p + = /4 q. - q)^{p 4. ^ + 2 c)K 

12. A rope of length 24 feet is hung between two points at heights 8 feet 
and 6 feet above the ground, and the lowest point of the catenary is 2 feet 
from the ground. Find the parameter, r, of ilie catenary, and find the 
horizontal distance between the posts to which the rope is fastened. 

= 12 feet, and the horizontal distance = 21‘09 feet, or 
c = 1418 feet, and the horizontal distance = 23*91 feet. 

In the first case the lowest point of the catenary is between the 
ends of the rope ; and in the second case it is below the lower 
end, and the rope is almost straight.] 

13. P and Q are two points at the same level at which the ends of a 
uniform chain are attached. P\ Q', are two lower points on the chain also 
at the same level such that the angle which the chain makes with the 
vertical at these points is twice the corresponding angle at P or Q. Show 
that, if smooth pegs were fixed at P', Q\ and the chain above these points 
hung over the pegs, the equilibrium of the chain below P', Q' would be 
undisturbed. 

14. A given length, 2s, of uniform chain has to be hung between two 
points at the same level and the tension has not to exceed the weight of a 
length, of the chain. Show that the greatest span is 


/ T ' -21 ^ 


15. If the length of chain in the last example is 800 feet and the maximum 

tension equal to the weight of 1000 feet of chain, calculate the numerical 
value of the span. [776 6 feet] 

16. If the length of uniform chain suspended between points at the same 
level is adjusted so that the tension at the points of support is a minimum for 
that particular span (2//), show that the equation to determine c is 

coth - = - 
c c 

and verify that, if- be taken as 1*2, both sides of this equation nearly agree, 


the difference being less than one in two thousand. 

17. Assuming the result of the last example, and also that relation 
between span and length which makes T a minimum for a given span will 
also make the span a maximum for a given tension, show that the greatest 
possible span for a uniform rope is about i*325L, where wL i§ the breaking 
tension of the rope. 

18. A uniform chain is hung up from two points at the same level and 
distant 2a apart; if a is the sag at the middle show that 


z = <?(cosh~ — i) 

If ar be small compared with a show that 

2a = a* 
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A telegraph wire is supported by two poles distant 40 yards apart. If the 
sag be one foot and the weight of the wire half an ounce per foot, show that 
the horizontal pull on each pole is ^ cwt. neatly. 

(^Manchester University B.Sc.^ 1909 ) 

19. ---(^z; An electric cable for tramcars spans 80 feet and the sag at the 
middle is 15 inches. Find the difference between the length of the wire and 
the span. 

{b) If the middle point were raised to the same level as the ends how 
much of the cable could be pulled in atone end if the tension were to remain 
unaltered ? 

[(a) § inch; (b) inch.] 

20. A uniform catenary, the material of which has a specific gravity w, 
hangs partly in air and partly in water. If c, c'y are the parameters of the 
two catenaries in air and water respectively, prove that nc = {n -- ly. 

A rope, whose specific gravity is w, is suspended between two points in 
air and the middle portion hangs in water. The height of one of the points 
of suspension above the surface of the water is d feet, and the rope makes 
an angle a with the horizontal at this point. If the rope cuts the surface of 
the water at an angle show ih \t the length of the rope in the water is 

2Hd sin P cos a 
« ~ I cos j8 — cos a 

21. A uniform chain, 100 feet long, is suspended between two points at 
the same level and 80 feet apart. Make use of tables and a graph (if 
necessary) to find the equation to the catenary. What is the sag at the 
middle ? 

LJ' = 33’82 cosh ; sag = 26-54 feet.] 

22. A uniform rope, 73oi feet long, hangs between two points, A and B. 
The co-ordinates of A, relative to B, are x — 245*2 feet, y = 682*4 ^eet, the 
jy-axis being vertical. Find the equation to the catenary in which the rope 
hangs, taking the origin at the usual place for a catenary. 

[ y = 201 cosh 

201 J 

23. A suspension bridge with a constant load per horizontal foot spans a 
distance 7 a feet, and the inclination of the ends of the chain to the 
horizontal is a small angle 6. The rods connecting the bridge to the chain 
are all vertical. Show that the length of chain from the middle point to 
the point of attachment of the rod at distance x feet from the middle is 
approximately 

x(i 4- 7 • - o tan2 0 ~ tan^ 

\ 6 40 a^ ) 

If the span is 580 feet and 6 is 28°, calculate the length of chain between the 
supporting pillars. 

[606*2 feet.] 

24. The distance between two telegraph poles is 30 yards and the 
tension in the wire at the poles is 32 lbs. If 24 feet of wire weigh one 
pound, calculate the sag at the middle of the span, assuming (what is nearly 
true) that there is the weight of one foot of wire in each horizontal foot. 

[15-9 inches.] 

25. In the catenary of uniform strength show that the relation between 
^ and the length of chain, j, measured from the lowest point can be put in 
the form 


«ec ijf 5= cosh ^ 



144 MECHANICS OF PARTICLES AND RIGID BODIES 


Thence show that the area of the cross-section of the rope is 


To ps ps 

■ ^ cosh ^ = ao cosh 


where ao is the section at the bottom. 

26. In the catenary of uniform strength prove that the weight of the 
length s of chain is 

kao sinh - kao tan 0 


For a steel rope ^0 = 4 square inches, k = 13,000 lbs. per square inch (one- 
tenth of breaking tension), p = 480 lbs. per cubic foot. Calculate the span, 
the length of the rope, the weight of the rope, and the sag at the middle, 
given that the inclination of the rope to the horizontal at the ends is 35°. 

[ Span= 0*903 mile ; length = 0*964 mile 
weight = 32^ tons ; sag = 778 feet. J 


27. If a chain hangsjn the form of the curve 

express w (the weight per foot of chain at any point) in terms of 

r ^>0 _ 2 ^-to 1 

28. A chain hangs in the form of the curve 

Express jhe weight per foot of chain in terms of r. 

^2 To 




a^wo 


(^2 4. + a!^ {a^ + x^)^Jix^ 4- r|2 J 


29. Find w for a chain hanging in the form of the semicircle 

^ = a — ~ 4. 2 


\w 


^T q _ a^ wp 1 
a2 - ^*2 ^2 L. ^2*J 


30. In addition to its own weight a steel rope has to support a bridge 
which weighs w lbs. per horizontal foot, w being constant. The rope is 
so made that the tension per unit area of the section of the rope is every¬ 
where the same Let P denote this tension per unit area, p the density of 
the material of the rope, Tq the horizontal tension, ap the area of the section 
of the rope at the lowest point. Prove that the equation to the curve is 


/ = ^ log, (sec 5-^i.t,") 


P , ^ _ PtV _ 

p ’ ~ Tqp ~ app 


where 



CHAPTER IX 

MOMENTS OF INERTIA 

200. Definition.—'I'he product of the mass of a particle and the square of 
its distance from a given straight line is called the moment of inertia of the 
particle about that line. The moment of inertia of a system of particles 
about any line is the sum of the moments of inertia of the several 
particles. 

The moment of inertia of a continuous body is represented by an 
integral. Thus suppose dm is the mass situated at a distance r from 
the line about which the moment of inertia is required, then the 
moment of inertia of the whole body is 

/ r‘^dm 

the limits of the integral being chosen so as to embrace the whole body. 

If the density of the body is constant, dm is proportional to the 
volume occupied by this mass. If p is the density and dv the volume 
of r/w, then dm =» and the moment of int rtia is 

pjr*t‘dv 

201. Moment of Inertia of an Area.—Sometimes we require the 
moment of inertia of an area in which the idea of mass is not involved. 
Suppose dE is the area at a distance r from any straight line, then the 
moment of inertia of the area about that line is 

^f^dk 

the integral extending over the whole area. 

The moment of inertia of an area is really the same as the moment 
of inertia of the mass of a thin plate of uniform density having unit 
mass in unit area. 

The student will see the necessity for moments of inertia in the 
chapters on rigid dynamics. In those chapters it will be seen that 
moments of inertia are as necessary as masses. In fact, moments of 
inertia occupy the same place in questions on the rotation of a rigid 
body as the mass does in questions on linear motion. And, moreover, 
the moment of inertia of an area will appear when we deal with the 
bending of beams in the next chapter. 

The moment of inertia of several bodies about any line is the sum 
of the moments of inertia of the several bodies. For, by definition, the 
whole moment of inertia of the bodies is the sum of the moments of 
inertia of all the particles of all the bo'dies. But the sum of the 

L 
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moments of inertia of the several bodies is also the sum of the moments 
of inertia of all the particles of all the bodies. 

202. Radius of Gyration. —If I is the moment of inertia of a body 


about any line (or axis), and M its mass, the quantity 



is called 


the radius of gyration of the body about that axis. If k denotes this 
radius of gyration the relation between I, M, and kt, is given by 


I = Mk^ 


We do not usually need the radius of gyration itself. It is the 
square of this quantity that is of common occurrence. The quantity k 
is clearly a length, because moments of inertia are the products of 
masses and squares of lengths. 

If K is the radius of gyration of several bodies about a given axis, 
and etc., are the moments of inertia of the bodies about 

the same axis, then, since the moment of inertia of all the bodies is the 
sum of the moments of inertia of the bodies. 


whence 


(Ml 4- M 2 + . . .)/c2 = + M 2 /C 22 -h . .. 

“ ■' Mi + Mg+T.r 

203. We will now work out the moments of inertia of several bodies. 
Example i. — TJie moment of inertia of a circular hoop of mass M 
and radius a about its axis of symmetry. 

Every particle of the hoop is at a distance a from the axis. Hence 
obviously 

I = Ua^ 


Example 2. —The moment of inertia of a circular disc (^regarded as an 
area) abo 7 it its axis of symmetry. 

Let a be the radius of the disc. Let the disc be divided into thin 
rings or hoops by circles concentric with the disc. The area of the ring 
between the circles of radii r and (r + dr) is 2ixrdr^ and its moment of 
inertia about the axis of the disc is , 27Trd?\ Hence the moment of 
inertia of the disc is 

I 2'nr^dr = \TTa^ = \a^lL 
^ 0 

where A denotes the area of the disc. 

If the disc be regarded as a mass, that is, as a uniform thin sheet of 
matter, the mass M would take the place of A in the result just 
obtained, because this result can be obtained in just the same way as 
the one above if we multiply all the areas by the mass in unit area, and 
this factor would turn A into M. 

Example 3. —Moment of inertia of any solid of revolution about its 
axis of symmetry. 

Let the solid be generated by the revolution of the curve y = f\x) 
about the axis of x. Suppose the solid is divided into thin discs per¬ 
pendicular to the axis of revolution. The thickness of a disc of radius 
y is dx^ and its volume is ity'^dx. If p is the density of the solid the 
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mass of the disc is and its moment of inertia, by the last 

example, is (7Tpj^ch-)iy^. Hence the moment of inertia of the whole 
body is 

k TTpjy^dx = i TTp/ } ^Jx 

{a) For a cylinder of length I and radius ^ 7 , the equation to the 
generating curve is y = a. Hence the moment of inertia is 
{I 

Irrpj — Inpa^/ = IVl X ~ 

just as for a circular disc with the same mass and radius. 

(b) Tiie equation of the generating curve fora cone is y = j^x, w^here 

is the radius of the base and h the height. The moment of inertia 
is therefore 

Inpj = M X 

(<r) The equation of the generating curve for a sphere is y^ = 
a being the radius of the sphere. Hence the moment of inertia is 

hrrp I (^2 _ ^ ^ 2^2 


(^d) The moment of inertia of an infinitely thin spherical shell can be 
deduced from that of the sphere. If 1 denotes the moment of inertia 
of a sphere of radius 77, I + the moment of inertia of a sphere of 
radius a + da^ then 

I =r y-7rpa^j dl — YrEP ‘ 


But d\ is the moment of inertia of the thin shell of thickness da and 
mass ^TTa^pda. Hence, if M denotes the mass of the shell, its moment 
of inertia is M X 

Example 4 .— T/ie motne?it <yf inertia of a uniform thin rod of length 1 
about an axi^ through the middle of the 
rod inclined at an angle 6 to its length. 

Let O be the mid-point, P any other 
point, and Q a consecutive point on the 
rod. Let OP = Xy PQ = dXy m = mass 
of unit length. Then indx is the mass 
of and (mdx){x sin Of is its moment 
of inertia. Hence the moment of 
inertia of the whole rod is 
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If 0 = - the axis is perpendicular to the rod, and the moment of 
2 

inertia is M • 

12 

If ^ = o the axis is along the rod, and the moment of inertia is 
zero. This is obvious, because, all the mass being on the axis, all the 
r’s in the expression are zero. 

Exampi.b: 5.— T/it’ moment of inertia of a rectangle^ whose sides are a 
and b, about an axis through the centre of gravity parallel to the sides of 
length b. 

This is easily proved to be the same as for a rod of equal mass and 
of length the axis being perpendicular to the rod. That is, 

I = Mi- 
12 


If the moment of inertia of the area of the rectangle is wanted, the 
result is 



12 


Example 6. — The moment of inertia of a triangular area about 
one side of the triangle. It is required to find the moment of inertia 
of the triangle DBG about the side BC. 



Let BC = and let the length of the 
perpendicular from D on BC be h. 

Suppose the triangle is divided into thin 
strips parallel to BC. Let PQ be one of 
these strips, and let x be the distance of one 
side of the strip from BC, and x -f- dx the 
distance of the other. The length of PQ is 

h X^ , . . , - r 

—^— b, and its area is therefore . j-- bdx. 

Hence the moment of inertia of the tri¬ 
angle is 








c 



A being the area of the triangle. 

In this case the square of the 

/ . . h^ 

radius of gyration is 

Example 7. —The moment of 
inertia of the area of a triangle 
about any axis in its plane through 
an angular point. 

Let DP be the axis, DBC the 
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triangle, and P the point where CB meets DP. Let the perpendiculars 
from B and C on the axis be j8 and y, and let DP = 

Now 

moment of inertia of DPC = moment of inertia of DPB 

-f moment of inertia of DBG, 

that is, 

moment of inertia of DBG = moment of inertia of DPG 

— moment of inertia of DPB 


= 

by the last example. 

But area of DBG = area of DPG — area of DPB 


Hence 

moment of inertia of DBG = 


i/y - = y(Y - P) 


6 y 




y3 __ jg3 

y - ^ 


or =Arl±y^+J~ 
6 


where A denotes the area of the triangle. 

If the axis is parallel to the side BG, P and y are each equal to 

the height of the triangle. Then the moment of inertia is A X 

If B and G are on opposite sides of DP, then )8 and y must be con¬ 
sidered to have different signs, so that the term yjS is negative. 

Exam ple 8 .— The fiioment of ine? fia - 
of an ellifse about one of its principal axes. 

The equation of the ellipse referred 
to its principal axes is 



a 2 m ' 

We will find the moment of inertia of 
the area about the ^-axis. 

Let the area be divided into thin 
strips parallel to the ^-axis such as that 9^. 

shown in the figure. Let OM = x, 

MN = dx^ MP The area of the strip is 2ydx, and its moment of 

inertia about OY is ix'^ydx. Hence the moment of inertia of the whole 
ellipse is 
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To evaluate this integral put jr = tr sin Then dx d cos 

•jf “TT* 

and the limits for ^ are and corresponding to — ^ and a for x. 
Thus 


2x^d^i — -2 ^dx = 2^ I d^ sin2 <f> tos <f> . a cos (fid<l> 


= 2 ^( 7 ^ . I . 4 . IT 

= A X ^ 


^here A = Tralf, the area of the ellipse. 

The moment of inertia of a circle about a diameter is included in 
the above result, for a circle is an ellipse with equal axes. If a is the 
radius, the moment of inertia is 

204 . If the position of a body be referred to three mutually 
rectangular axes OX, OY, OZ, the moments of inertia of the body about 
these axes are respectively 


j{y^ 4 - z^)dm^ f(z^ + x^)dm^ f(x^ Ar y^)ihn^ 


where dm is the mass situated at {x^ z). For clearly -f is the 

square of the distance of the point (x^ z) from the-s-axis, and a similar 
remark applies to the other quantities. 

Suppose we are dealing with an area (or a plane body). If OX, 
OY be taken in the plane of the area, and OZ consequently perpendicular 
to it, the moment of inertia about the ^-axis is thus 

j{x^ y^)dm = jx^dm -f Jy^dm 

Now for an area jx'^Jm is the moment of inertia of the area 
about the jt'-axis, and jy^dfh is the moment of inertia about the 
.^-axis. Thus if we denote the moments of inertia about the axes of 
y^ and 2, by I®, Jy, and h, our equation can be written 


Iz = h+ ly 

Thus we can find the moment of inertia of a plane body or area 
about a line perpendicular to its plane through any point O in that 
plane by finding the moment of inertia about any pair of perpendicular 
axes through O in the plane, and adding the results. 

Thus the moments of inertia of a rectangle of sides a and b about 
axes through the centre of gravity parallel to the sides are ^A^^ and 
^A^2^ Hence the moment of inertia about an axis perpendicular to 
the plane through the centre of gravity is ^A(^z2 + 

Again, the moments of inertia of an ellipse about its principal axes 
of lengths 2a and 2b are \kb'^ and Hence the moment of 

inertia about an axis perpendicular to the plane through the centre of 
the ellipse is ?A(^2 For a circle a and b are equal, and this last 

result becomes ^Aa^, which was the result obtained for a circular disc in 
Example a, Art. 203. 
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205. To find a relation between the moments of inertia of any 
body about parallel axes. 

Let G be the centre of gravity of the body, and O any other point. 
We shall find a relation between the moment of inertia of the body 
about a given axis through O and a 
parallel axis through G. The plane 
of the figure OGMP is perpen¬ 
dicular to the given axis through O. 

The body we are considering is not 
necessarily a plane body, but may 
be a solid body of any form extend¬ 
ing on both sides of the plane of 
the figure. 

P is any point in the plane of 
the figure at a distance r from O 
and R from G. Let GM = 

OG = h. Now the whole body 
may be divided up into thin rods or columns parallel to the given 
axis, and therefore [)erpendicular to the plane OGP. Let dm be the 
mass of the column containing P. 'Phe moment of inertia of this 
column about O is 

r'^dm — (//2 -f R2 -p 2hx)dm 
Hence the moment of inertia of the whole body 
= /(/^2 4 . R2 + 2hx)d7n 

the limits of the integral being taken so as to include every column 
of the body. 

Now h is the same for every column. Therefore 
///Vw = h^ldm = //2M 
where M is the total mass. 

Also j2//xdm = 2/ifxdfn = 2^'vM 

X being the x o( the centre of gravity.But the origin for x is at the 
centre of gravity; consequently = o, and therefore 

/ 2hxdm = 0 

Hence fr^d/^i = ^2jy[ 4 JR2^/;;/ 

that is, the moment of inertia about the axis through O is equal to 
^2M together with the moment of inertia about a parallel axis through 
G. In dealing with an area, the area A would take the place of M. 

Thus, if we know the moment of inertia about any axis through 
the centre of gravity of a body, we can get the moment of inertia 
about any parallel axis by adding the product of the mass and the 
square of the distance of G from the new axis. 

In some cases it is more convenient to calculate the moment of 
inertia of a body about an axis which does not pass ,through the 
centre of gravity. After having found this moment of inertia we can 
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get the moment of inertia about a parallel axis through G by sub¬ 
tracting the product of the mass and the square of the distance of 
G from the first axis. 

We will apply the method to a few examples. 

Example i. —The ntom€9^t of inertia of a thin rod about an axis 
perpendicular to the rod through one end. 

If M is the mass and / the length, the moment of inertia about a 
parallel axis through G is ^M/2. Hence the required moment of 
inertia is 

+ m( ~) =lM /2 


which can be easily verified by direct integration. 

Example 2. —The moment of inertia of a triangular area about an 

axis through G parallel to one side^ the 
i>erpendiailar on that side from the opposite 
angular point being h. 

The moment of inertia about the 
parallel side we have already found 
(Art. 203, Ex. 6) to be \\h^. Now the 
distance of G from the parallel side BC 
is \h. Hence the moment of inertia 
about the axis through G is 

IA/42 „ (1/,)2A = X/^2A 

The moment of inertia about an axis 
through D parallel to BC is now 

•Eh^K + (f/02A = Ih^A 

which agrees with the result at the end of Ex. 7, Art 203. 

206 . A very useful theorem concerning the moment of inertia of a 
triangle can now be proved. The theorem is :— 

2 he moment of itmlia of a triangle about any axis in its plane or 
parallel to it^ is equal to the moment of inertia^ about the same axis^ of three 
particles situated at the mid-points Of the sides of the triangle^ each particle 
having a mass equal to one-third the mass {or area) of the triangle. 

In Art. 203, Ex. 7, we found that the moment of inertia of a 
triangular area about an axis through an angular point is 



iA(i82+/3y-fy2) 

Now the distances of the mid-points of the sides from the same 

By B + y 

axis are and --Hence the moment of inertia about this 

22 2 

axis of three equal particles of mass ^A at these points is 

= iA(i82 + i3y+y2) 

*= the moment of inertia of the triangle about the same axis 
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Now the centre of gravity of these particles coincides with the centre 
of gravity of the triangle itself. Suppose d is the distance of this 
common centre of gravity from the axis. Then the moment of inertia 
of the triangle, or of the particles, about a parallel axis through G is 
I — Again, the moment of inertia of either system about a 

parallel axis at a distance h from G is obtained by adding to 
I — kd^. Hence the moment of inertia of the particles about any axis 
parallel to the original axis is the same as that of the triangle about 
the same axis. But the original axis can be parallel to any line in 
the plane of the triangle. Thus the theorem is proved. 

This theorem gives the easiest method of finding the moment of 
inertia of any rectilinear figure about any line in its plane. It is only 
necessary to divide the figure into triangles and to replace each triangle 
by three particles, each having one-third the area of the triangle, at the 
mid-points of the sides of the triangle. 

Example. —Fmd the moment of inertia of a regular hexagon about 
one siae. 

Let A denote the area, a the length of a side. The hexagon can be 
divided into six equilateral triangles, each of area ^A. If each triangle 
is replaced by three equal particles, these particles will have each a 
mass of y-A. From a figure it will be seen that there is one particle on 

the axis, six particles at distance -a from the axis, four at distance 

4 


V 3 


at distance - a^ 
2 ' 4 

moment of inertia is 


a, six 


and one at distance f ^a. Thus the 


*^76 


6-3 


a2 + ±-Ja 


6.27 

16 


-2 + + 


3^2) = 


24 


207. Moment of inertia of 
meeting the axis of revolu¬ 
tion at right angles. 

Let the axis about which the 
moment of inertia is required 
be taken as axis of and let 
y = f(x) be the equation to the 
curve which, on being revolved 
about the ^-axis, generates the 
surface of the solid. If P and 
Q are two neighbouring points 
on the curve whose abscissae 
are x and x + dx respectively, 
the volume of the circular disc 
generated by the area under 
PQ, is Tty^dx, and its mass, 
taking p as density, is rrpy^dx, 
about OY is 


a solid of revolution about an axis 



The moment of inertia of this disc 


(mass) X x^ + (mass) x 


yZ 
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the first term corresponding to of Art. 205, and the second being 
the moment of inertia of the disc about an axis parallel to OV through 
its own centre of gravity. 

Putting TTpy^dx for the mass of the disc and integrating, we find 
that the moment of inertia of the whole solid is 



xi and X2 being the abscissae of the bounding planes. 

Example i. —Suppose the body is a solid cylinder of uniform density^ 
and OY passes through the centre of gravity. 

Let I be the length and a the radius of the ends. Then the 
equation of the generating curve isy =: a, and the moment of inertia is 
therefore 



M being the mass of the cylinder. 

Example 2. — Solid cone about an axis through the vertex, 

. . r 

Here the equation to the generating curve is ^ where r is 

the radius of the base, and h the height. Therefore 



208. Comparison of moments of inertia of a plane body about 
different axes in its plane, all passing through one point. 

I.et a pair of rectangular axes OX, OY, in the plane of the body 
have their origin at the fixed point, and suppose we know the values of 
jy^dm, fx^dm^ and fxydm. We shall denote these quantities by A, B, 
and H respectively. Let OX', OY', be another pair of rectangular axes 
in the plane of the body, the angle XOX' being 0 . It is required to 
find the moment of inertia about OX' in terms of A, B, H, and 0 . 

Let x\ y, be the co-ordinates of a particle dm referred to the axes 
OX', OY', and (x, y) referred to OX, OY. Then 

y = cos 0 — a: sin 0 
cd ^ X cos Q +y sin d 

Hence the moment of inertia about OX' is 

jy^-dm = /(j 2 cos 2 6 — 2 xy cos ^ sin 0 + x^ sivfi 0 )dm 

~ cos2 0 Jy^dm — 2 sin 9 cos 0 fxydm + sin^ 0 fx^dm 
5= A cos^ 0 — 2H sin 0 cos 0 + B sin^ 0 
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By giving the proper value to 6 we can use this result to find the 
moment of inertia about any axis through O in the plane of the body. 
Again, 

Jxydm = J\(y^ -- x^) sin ^ cos ^ 4- jvj(cos2 0 — sin^ 0 )}dm 
= (A — B) sin $ cos ^ + H (cos^ 0 — sin^ 0 ) 

=r ^(A — B) sin 20 H cos 20 



The quantity fx^dm is called the product of hierfia of the body for 
the axes OX', OY'. 

For any given body there is a particulttr pair of axes, for which the 
product of inertia is zero. For, the product of inertia for the axes OX', 
OY', will be zero if 


that is, if 


J(A — B) sin 20 + H cos 20 = o 


tan 20 = 


2H 

B - A 


Now for all possible values of A, B, and FT, there is a value of 0 
between o and 90^ which will satisfy this equation ; for, as 0 varies 
from o to 90*^, tan 20 varies from o to 00, and then from —00 to o. 
Thus there is certainly a pair of axes for which the product of inertia 
is zero. ^ 

The pair of axes through any point O, for which the product of 
inertia is zero, are called principal axes at that point. 

If we had started with OX and OY as principal axes, then the 
moment of inertia about OX' would have been 

A cos^ 0 4 * B sin 2 0 

If A and B are equal, this moment^of inertia is A for all values of 0 , 
But if A and B are unequal and A greater than B, then A is the 
greatest and B the least moment of inertia for any axis through 0 in 
the plane of the body. For the moment of inertia about OX' is 



I 56 MECHANICS OF PARTICLES AND RIGID BODIES 

A(i - sin 2 + H sin 2 B 
= A - (A - B) sin2 B 
= A - (a positive quantity) 

Also this same moment of inertia 

= A cos 2 0 4 - B(i — cos 2 B) 

= B -f (A - B) cos 2 B 
= B -f (a positive quantity) 

Thus the moment of inertia about OX' cannot be greater than A 
nor less than B, and it assumes these extreme values when OX’ 
coincides with OX or OY. 

It is easy to see that there is generally only one pair of principal 
axes through any point of the body, and these are the axes about which 
the moments of inertia are greatest and least for that point. If, how¬ 
ever, A = B, all axes through the point are principal axes. 

Jf a body has one symmetrical axis through any point, that must he 
one of the principal axes through that point. The other principal axis 
is, of course, perpendicular to this. 

Example i. — Rod about an inclined axis. 

The moment of inertia of a rod of length / about the line of the 
rod itself is zero, and about an axis perpendicular to the rod through 
its centre of gravity its moment of inertia is These are obviously 

the principal axes. Hence the moment of inertia about a line through 
the centre of gravity inclined at B to the rod is 

o . cos2 B 4 - sin2 B = ~^l^M sin2 6 

which agrees with the result in Ex. 4, Art. 203. 

Example 2.— The 7no7nent of inertia of a rectangular area,, with 

sides a and b, about an axis 
through the mid-point of one 
of the sides of length a, making 
an angle B with that side, 

MX is the axis about 
which the moment of inertia 
is required. MN is the line 
joining the mid - points of 
opposite sides. 

Since MN is a sym¬ 
metrical axis, it is a principal 
axis through M. Now the 
moments of inertia about MN and AB are easily shown to be ^^^A and 
Hence the moment of inertia about MX is 

sin2 B 4 - I^^A cos? B = sin2 B -f ~b^ cos2 B) 

Example 3. — The moment of inertia of an ellipse about any axis in 
its plane. 

Let the axis be at a distance- h from the centre of the ellipse, and 



Fig. ioi. 
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let it make an angle Q with the major axis of the ellipse. The moment 
of inertia about a parallel axis through the centre of gravity is 

cos2 d 4- sin2 d = cos^ 0 -f \a^ sin^ 6) 

Hence the moment of inertia about the given axis is 
A(i ^2 ^^2 e 4 . 1^2 sin 2 e 4 // 2 ) 

209. Comparison of Moments of Inertia of a Solid Body about 
Axes through One Point. —Corresponding to the relation proved in the 
last article between the moments of inertia of a plane body about axes 
in its plane all passing through one point, there is a similar relation 
between the moments of inertia of a solid body about axes passing 
through one point which are not restricted to lie in one plane. This 
relation we will now state without proof. 

Tlirough any point in a solid body there is a set of three mutually 
peri)enclicular axes, OX, GY, OZ, such that 

jyzdm = o, jzxdm = o, jxydm = o 

Let A, B, C, denote the moments of inertia of the body about 
OX, OY, OZ, respectively. Then the moment of inertia about a line 
through O which makes angles with the axes whose cosines are 
/, w, is 

A/2 4- B;;/2 -|- C«2 

The moments of inertia A, B, C, are called the principal moments oj 
inertia at O, and the axes about which these are the moments of inertia 
are called the principal axes of inertia at O. 

If a body has a symmetrical plane through any point, it is obvious 
that one principal axis is perpendicular to this plane, and the other pair 
are therefore in the plane. 

If a body has a symmetrical axis through any point, that axis is a 
principal axis at that point, and any pair of rectangular axes through 
the point and perpendicular to the axis of symmetry can be taken as 
the other principal axes. 

Example i. —The moment of inertia of a solid cylinder^ of length b 
and radius r, about an axis through its centre of gravity inclined at an 
angle 9 with the axis of symmetry. 

Let the axis of z be taken along the axis of symmetry, and the axis 
of X in the plane of the axis of symmetry and the given axis. Then, 
from a figure, 

/ = sin m = 0, w = cos 9 
Also A = B = ^Mr2 + XM/^2 

and C = IMr2 

Therefore the required moment of inertia is 

1 = M(|r2 -f i^b^) sin2 9 + M . |r2 cos2 9 

Example 2. —Moment of inertia of a cone^ with height h and radius 
of base r, aibout a line through the vertex inclined at 9 to the axis. 
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With co-ordinate axis in the same position as in Ex. i, 

A = B = M(|/i2 + ^r2) 

C = M . 

Therefore I = M(|y^2 4. sin2 ^ -f M . cos^ $ 

210. One of the principal axes* through any point of a plane body 
is perpendicular to the plane of the body on account of symmetry 
about that plane. Now suppose the moment of inertia is required 
about a line inclined to the plane at an angle 9 . Let the perpendicular 
to the plane through the point of intersection of the plane and the 
given line be taken as axis of z. The other two principal axes at that 
point are in the plane, and are the same as those considered in 
Art. 208, where we took no account of the ^r-axis. 

In this case 

I = A/2 4- Bw2 + C sin2 9 

But by Art, 204, 

C = A + B 

Hence 1 = A (/2 -f sin 2 0 ) -f B (;//2 4- Rin 2 0 ) 

It follows from this that two masses in the same plane which have 
the same principal axes at any point in the plane, and the same 
moments of inertia about those axes, will have the same moments of 
inertia about any axis through that point inclined to the plane. 

For example, it was proved in Art. 206 that a triangle of mass M 
has the same moment of inertia about any axis in its plane as three 
particles each of mass IM placed at the mid-points of its sides. 

Since the principal axes in their plane through any point are the 
«txes of greatest and least moments of inertia, it follows that the triangle 
and the particles have the same principal axes. Hence, A, B, /, m, are 
the same for both systems. Therefore the two systems have equal 
moments of inertia about all axes. 

211. Equimomental Systems. —If two bodies or systems of bodies 
have equal masses, the same centre of gravity, the same principal axes 
at the centre of gravity, and the same moments of inertia about those 
axes, then they have the same moments of inertia about all other axes. 

Two such systems are called equimomental systems. 

The proof is very simple. The moment of inertia about an axis 
through G whose direction-cosines are /, is, for either system, 

A/2 4- Bw2 4. C«2 

About an axis parallel to this at a distance h from the centre of gravity, 
the moment of inertia of either system is 

A /2 4 - Bw 2 4. C«2 4. 

Example. —The moments of inertia of a solid rectangular block 
with sides about its principal axes through its centre of gravity 

(which axes are clearly parallel to the sides), are 
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Again, let mree thin uniform rods each of mass have lengths sj 3^?, 
V 3^ respeciively, and suppose they lie along the axes OX, OY, OZ 
and have their mid-points at O. They have the same principal axes as 
the rectangular block and the same principal moments of inertia. For 



Hence the three rods have the same moment of inertia about any 
axis as the rectangular block, 

212 . Two plane bodies are equimomental if they have equal masses, 
the same centre of gravity, and equal moments of inertia about three 
axes through their centre of gravity. 

It is only necessary to prove that A, B, and H, are the same for both 
bodies when the origin is at the centre of gravity. 

Let Aj, Bj, Hi, be the moments and product of inertia of one body 
about any pair of axes through G; A2, B2, H2, the corresponding 
quantities for the other body. Then 

Ai cos2 0 ~f“ 111 sin2 0 — 2 HI sin ^ cos 6 

= A2 cos2 6 sin2 0 — 2H2 sin 6 cos 0 

• 

is true for three different values of 0 according to the hypothesis. 

After division by cos2 this equation can be written 

(Aj — Ag) lan 2 0 — 2(Hi — Hg) tan 0 + (Bi — Bg) = o 

Now since this is a quadratic in tan 0 , it can only be satisfied for 
two values of tan 0 unless it is an idc ntity. But by hypothesis it is 
true for three values. Hence it must be an identity. That is, 

Ai =A 2 , Hi = H2, Bi = B2, 

which makes the moments of inertia equal about all axes through G in 
the plane of the bodies, and therefore about all other axes through G 
(Art 210). By the first part of this article their moments are con¬ 
sequently equal about all axes whatever. 


EXAMPLES ON CHAPTER IX 

1. Find, by direct integration, the moment of inertia of a triangle about 
an axis through one corner parallel to the opposite side. 

[lA (height)2.] 

2. By dividing an isosceles triangle into thin strips parallel to its base, 
find its moment of inertia about the axis through the vertex perpendicular 
to the plane of the triangle. 

Kf4:)] 

3. If d is the length of the base of any triangle, and I the distance 
of the vertex from the mid-point of the base, show that the moment of 
inertia about the axis through the vertex perpendicular to the plane of the 

, //2 ^2 \ 

triangle is 
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4. Assuming the result for the moment of inertia of a disc about a diameter 
and tlie rule for parallel axes, find the moment of inertia of a solid cylindei 
about a tangent to its base, taking r as the radius and / as the length. 

[Kf-f)] 

5. Find the moment of inertia of a solid rectangular block with edges of 
lengths b, r, about one of the edges of length a. 

[<-r-)] 

6. Find the moment of inertia of a rectangle with sides a and b, about a 
diagonal. 

r ^2^2 1 

L 6(^/2 -f- b^y] 

7. Find the moment of inertia of the rectangle of the preceding question 
about a line joining one corner to the mid-point of the side of length a which 
does not pass-through the corner. 

[3(4^^+ 

8. Find the moment of inertia of a thin hollow cylinder about a diameter 
of one end, the radius of the base being r and the height h. 

9. A closed vessel in the shape of a circular cylinder of height h and 
radius r is formed of thin uniform material of mass m per unit area. Prove 
that its moment of inertia about a diameter of the base is 

*f 6/1V -f Chr’^ -f 3^^) 

(^Manchester University^ 1905*) 

10. If one face of a cube is a lamina of uniform density, find the moment 
of inertia of the lamina about a diagonal of the opposite face. 

(Board of Education, Honours^ 1894.) 
where I = length of an edge.] 

11. Find the moment of inertia of a solid cube about a diagonal of one 
face, the sides having each a length 1 . 

[AMA] 

12. Show that the moment of inertia of a closed cubical box, made of 
uniform thin material, about one edge of the box, is JM/-, I being the length 
of an edge. 

13. A solid prism, the section of which is an equilateral triangle with sides 
of length has a length /. Find its moment of inertia about a side of 
the base. 

14. Find the moment of inertfa of an ellipse, with semi-axes a and 
about an axis through the centre inclined at d to the axis of length la, 

cos2 ^ -h ^2 sin2 ^).j 

15. Find the moment of inertia of a lamina, in the form of a regular 
polygon with n sides, about the line perpendicular to its plane through its 
centre of mass. Express the moment of inertia in terms of the mass M and 
the perpendicular distance h from the centre on a side. 
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i6. Show that the moment of inertia of the lamina mentioned in the last 
question is the same about more than two axes in its plane passing through 
its centre of mass, and deduce therefrom that any line through the centre ol 
mass in the plane of the lamina is a principal axis. Show that the moment 
of inertia about any of these line» is 



3 4 * tan 2 


TT 


) 


17. Find the moment of inertia of a regular tetrahedron, with edges of 
length /, about an axis through a corner perpendicular to the opposite face. 



18. A uniform rod of mass m and length / has one end on the j-axis, is 
parallel to the a'-axis, and at distance b from the latter axis. Show that the 
product of inertia of the rod is \7nbl. 

19. Show that the product of inertia of the area of a light-angled triangle, 

for axes coinciding with the sides containing the right angle, is -., where 

24 


a and b are the lengths of these sides. 

20. Show that the principal axes of the right-angled triangle in the last 
question, through the corner containing the right angle, make angles ^1, 02» 
with side of length where Oi and O2 are the solutions of the equation 


tan 20 = 


ab 


- ^2 


21. IfH is the product of inertia of any body for a pair of axes through 
the centre of gravity, show that the product of inertia for a pair of p>arallel 
axes, the origin for which has co-ordinates p and q referred to the original 
axes, is (H q- M/y), M being the mass (or area) of the body. 

22. Show thcit the principal axes at a corner of a rectangle, with sides of 
lengths a and b^ make angles Oij with the side of length a, where 0 i and 
02 are the roots of 

tan 20 = 

2{a- - b^) 


What are the principal axes of a square at a corner ? 

[The diagonal through the corner and a line parallel to the other 
diagonal.] 

23. Show that the product of inertia of any triangle for a pair of axes in 
its plane is the same as the product of inertia of three particles at the mid¬ 
points of the sides, each particle having a mass one-third that of the triangle. 

24. Let one side of a triangle and a perpendicular line through one end of 
it be taken as axes. Let the co-ordinates of the other corners be {k^ h) and 
(^, d). If 0 is the angle that either of the principal axes makes with the 
;r-axis, show that 


tan 20 ~ 


h{b + 2 k) 

>^2 -h ^2 + kb - A 2 


25. Find the moment of inertia of a solid rectangular block with edges 
and (i) about a diagonal of the block; and (2) about a diagonal of one 
of the faces with sides a and b. 



+ ^2^2 4. ^2^ 
’6^24. ^2+ ^2) * 


, , -f 2c\a^ + ^2) ■] 

(2) M- 

M 
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26. F'ind the moment of inertia, about the axis of rotation, of the solid 
obtained by rotating the portion of the curve = 4ux‘ from ;r = o to 
X — na about the axis of x. 

27. The co-ordinates of a point on a cycloid are given in terms of a single 
variable B by means of the equations 

y = a(i + cos B) 

X — a{6 -f sin B) 

Find the moment of inertia about the axis of symmetry of the solid obtained 
by rotating one wave of this curve about the axis of x\ (A wave is the curve 
between two successive points where = o.) 

28. The co-ordinates of a point on a curve are given in terms of a variable 
( by the equations 

x = ahgj~ 

y = 

Find the moment of inertia, about the axis of symmetry, of the solid 
obtained by rotating the whole of this curve about the axis of x. 

[AM A] 

29. The closed curve whose co-ordinates, in terms of the variable are 
;r = ^ sin B^ y = ±/^^/cos B is rotated about the axis of x. Find the moment 
of inertia of the solid thus generated about the axis of rotation. 

30. An anchor-ring is the solid formed by rotating a circle about a line 
in its plane. If « is the radius of the circle, and d the distance of its centre 
from the axis of rotation, show that its moment of inertia about this axis is 
M(^2 4.1^2). 

31. If three rectangular axes be taken through the centre of the anchor¬ 
ring in the last question, the axis of Z being the axis of rotation, show with¬ 
out integration, that fz^dm is the same for the anchor-ring as for a cylinder 
with radius a and the same mass, the cylinder having its axis in the ,xy plane. 
Show also that fx'^dm ~ fy'^dm^ and thence prove that the moment of inertia 
about the axis of x is M{J^2 + 

32. Find the moment of inertia of a hemisphere of radius r and mass M 
about a diameter of the base. Thence find the moment of inertia about an 
axis parallel to the base through the centre of mass, and also about a tangent 
to the surface at the vertex. 

[f Mr2 ; a%Mr2 ; ^Mr2.] 
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ELASTICITY 

213. Stress.—One of the fundamental assumptions in the statics of a 
rigid body is that two equal but opposite forces, acting in the same 
straight line but applied at different points, can balance each other. 
Now th.s implies that a rigid body can transmit through its substance a 
force ap})lied at any point. Let us suppose, for the sake of illustration, 
that a rod is in equilibrium under the action of two equal ])ulls at the 
ends. It is clear that by some process, the ultimate nature of which we 
do not understand, the particles (or molecules) at which one pull is 
directly applied exert a pull on the next set of particles, and these 
again pull the next, and so on, the action applied at one end being 
handed on from particle to particle till it reaches the particles to which 
the force is a])plied at the other end. There must therefore be an 
attraction between neighbouring particles of the rod which resists their 
separation—provided the pull exerted is not too large. 

If the forces at the ends of the rod had been directed towards, 
instead of away from, each other, there would have been a different 
kind of action between the particles. In place of an attraction there 
would have been a repulsion between the successive particles in the line 
of the rod. 

Any mutual action between the neighbouring particles of a body is 
called a stress. The former of the above stresses is called a tension^ and 
the latter, a thrust. Either of these two stresses may be regarded as 
the negative of the other, since, on changing the signs of 
the applied forces in any particular case, the tensions will 
become thrusts, and the thrusts tensions. 

214. Shear Stress.—There is another kind of stress 
besides those we have just mentioned, and this we shall 
now consider. 

Suppose a vertical rod is held firmly at one end so 
that its direction and position is fixed, and suppose a 
horizontal force F is applied at the other end A. Now 
let us consider the mutual actions of the parts of the 
rod on the upper and lower sides of a horizontal section 
through any point P of the rod. By resolving horizon- fig. 102 . 
tally the forces acting on the portion AP of the rod, we 
see that there must be at Pa horizontal force equal to P', but acting in 
the opposite direction. Thus each portion of the rod on opposite sides 
of the horizontal plane through P exerts on the other portion a force 
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which is in the plane of separation. This force is called a shearing 
force^ or simply, a shea?* 

A shear is quite different from a thrust or tension, for these are 
forces perpendicular to the plane across which they are transmitted, 
whereas the shear is in that plane. 

215 . The three kinds of sttesses usually co-exist in any solid body. 
It is only in exceptional cases that tension or thrust could exist without 
shear across some plane. As an example of the co-existence of 
tension and shear, we need only consider the action across an oblique 
section of a rod under no forces but two equal pulls at its ends. 
Since the resultant force across the section is along the rod, it follows 
that the force transmitted across the oblique section has a component 
in the plane of the section as well as one perpendicular to it. Thus 
there is a shear and a tension at the section. 

A thrust between two portions of the same body is similar to a 
normal pressure between bodies in contact, and a shear is similar to 
friction. There is this difference, however, between shear and friction, 
that there can be no friction without a normal pressure, whereas shear 
can exist without any thrust or tension across the same plane. There 
is no force between two solid bodies which is similar to tension in a 
body. 

216 . Strain.—Until the present we have always assumed that a 
rigid body is one whose shai)e does not alter when the body is acted 
on by forces \ that is, it was assumed that there could be no relative 
displacements of the particles of the body. This was, in fact, involved 
in the definition of a rigid body. But such bodies do not exist in 
nature. The smallest external force will alter the relative positions of 
the particles of an apparently rigid body, although the displacements 
may be so small that we cannot detect them without refined measure¬ 
ments. But every one is familiar with the effect produced on india* 
rubber or jelly by a pressure at one point, as well as with the effect 
produced on a rubber string by pulls at its ends. These bodies yield 
visibly to the thrusts or pulls applied to them. Now the same kind of 
yielding occurs when a pressure is applied to a block of iron, or a pull 
to an iron rod. But here the yielding is so small as to be generally 

unnoticeable. When the 
forces which deform a body 
are removed, the body re¬ 
covers its original shape, if 
these forces have not been 
too large. This property 
which bodies possess of 
recovering their original 
shape after being deformed 
is called elasticity* 

A body deformed by 
forces is said to be strained* 
To every stress there is a corresponding strain* A rod in thrust is 
shortened, and in tension it is lengthened. A shear acting on a cubical 
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block parallel to one of the edges distorts the sections which are parallel 
to the shear and perpendicular to its plane into parallelograms with 
unequal angles, as shown in Fig. 103. 

When a rod whose unstrained length is I has its length increased by 

s 

Sf the measure of the strain is • If the rod shortens, the contraction 

must be regarded as a negative extension, so that the strain will be 
negative. 

The shear strain of the body shown in Fig. 103 is and the 

A1.) 

corresponding stress acts in planes perpendicular to AD. Since Dd is 
small compared with AD, the radian measure of the angle DA^ may 
be taken as the shear strain. 

217 . Hooke’s Law.—'Fhis law states that the tension in an elastic 
body is proportional to the extension ])rodiiced. Careful experiments 
show that the law can be extended to all kinds of stress and strain, 
The generalized law is :— 

The stress producing any strain in a body is proportional to the strain. 
That is, 

stress , . . 

-^ (a constant) 

strain ' ' 


If the stress be taken as the force on unit area, the constant k is 
called the modulus of the substance for the particular kind of stress 
and strain we are dealing with. In the case of a tension or thrust the 
modulus is called Youngs modulus^ and in the case of shear it is called 
the modulus of rigidity. We shall denote these moduli by E and n 
respectively. 

There is a limit for every substance beyond which Hooke’s law is 
not true. If the stress is increased after this elastic limit is reached, the 
strain increases more for a given increase of stress than before the limit 
was reached. In addition, the body does not even approximately 
recover its original shape after the forces are removed. The strain left 
after the forces are removed is called perfnancnt set. There is a certain 
maximum stress which cannot be exceeded without breakage, and this is 
called the breaking stress. 

218 . Elastic Strings.—If a string of length land cross-section 
subject to a tension T, has an extension s, the tension on unit area of 
T . . s 

a normal section is —, and the strain is y Hence, by Flooke’s law 


For the same string under different tensions a and / are constant, 
and therefore the above equation can be written 

T=^ks . (7) 

k being constant for the particular string only, while E is constant for 
all strings of the same material 
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Example i .—An elastic string of negligible 7 veight and length 1 is 
attached to two points in the same horizontal plane, the string being just 
tight, but tinstretched. When a weight W is attached to the middle point 
the two halves of the string are inclined at 0 to the liorizontaL To find 
W in terms of 6. 

The extension of the string is /(sec ^ ~ i), and the strain therefore 
(sec ^ ^ i). Hence 

^ ~ Ei7(sec 6 — i) 

But, for equilibrium of the attached 
I weight, 

I W = 2Tsin^ 

^ = zEa (tan 6 — sin 0 ) 

Fig. 104. 

which is the required relation. 

Example 2.-- // 0 is small in the last problem, to find an 
approximate value of By assuming W to be kno7vn. 

Expressing tan 6 and sin 6 in i)Owers of 6 , we have 


tan 0 — 6 ’\- 


0 = 0 — -r approximately 


Hence 


W = 2 E^ 7 - 


Therefore 


3/W 

V Ea 


Example 3. —AB and CD are itvo elastic strings similar in all 
^ respects. The ends A and C are attached 
A to two points at the same level and at a dis¬ 

tance b apart. The loiver aids are attached 
to a rod AMB of length b, which has its 
middle point M fixed by a hinge so that the 
rod can turn in the vertical plane containing 
A and C. The hinge at M is at a distance 1 
vertically below the middle point of AC. If 
the natural length of each string is a, to find 
the extension when a weight W is attached at 
D, assuming that the shortened string does 
” ^ not become slack and that the strings only 
y r make small angles with the vertical 
_ ^ Let the increase in the length of CD 

due to W be ^; then AB will decrease 
by approximately the same amount. If T^, T2, are the tensions, we have 

Ti = k(l +y — a), Tg = k(l — ^ — <z) 

Now taking moments about M for the equilibrium of the rod, 

Tj.^ _T2.- - W.- =0. 

2 ^2 2 
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therefore 

Hence 

and 


Ti - k{l - a) -f 


\V = Ti - 1 2 = 
W 

^ ^ 2 k 

w 


k{l - ~ 


w 



Example 4. —A BCD is a frame^vork ?nade of four equal rods of 
tuQ^ligible 7veight joined by smooth hinges. Two exactly si7nilar elastic , 
strings join opposite corners of the quadri¬ 
lateral. The jf ameivork is suspended by the 
hinge at and a 7veight W is attached to C. 

To find the neiv lengths of the strings^ assuming 
that the shortened one does not become slack. 

Let / denote the length of each string ^ 

when the framework is in the form of a 
square, and let a denote the natural length 
of each string. Also let I y and I — z 
denote the new lengths of the strings with the 
weight W attached- Then 

OA2 + OD2 = I)A2 

that is, i-7 + >')2 + i(/ = y 

Since y and ^ are small, we neglect the squares of these quantities 
and get 

or y = ^ 

Now the tensions in AC and BD are k(l + y -- a) and k(l y a) 
respectively. We shall call these Tj and 'J' 2 - 

To get a relation between the tensions and W we can use the 
principle of virtual work. If AC increases by an amount dyj then BD 
increases by an amount d(l — ^) = ---dz — —dy. Thus the work done 
by the tensions in a small variation of y is —Yfiy 4- T 2 ^/r. Thus the 
equation of virtual work is 

•^Tidy 4- ^ 2 .^y 4- ^Tdy — o 

Hence W = T^ — T 2 = 2 ky 

W 

Thus / = 

and the new lengths of the strings are therefore 

W 
/4- 


2k 


w 

and I - T* 

2k 


219. Work done in stretching an elastic string by a tension 
which, at any instant, is the same all along the string. 

Let T be kx when the extension is x. Then the work done in 
a further extension dx is 


Tdx = kxdx 
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Hence, the work done in altering the extension from Xq to .sPi is 
I ' ixdx = - -V) 

= + Ao)(‘*^l - ^o) 

= i(Ti + To)(.ri - ,*o) 


which is the product of the arithmetic mean of the tensions at the 
beginning and end of the stretching and the increase in length. 

Jf .Tq, the original extension, was zero, the work done is 

The above expression for work is the value of the work done by 
the stretching force, not by the tension in the string itself. The work 
done by the tension on the body which stretches the string is the 
negative of the result obtained. 

Tf a body of weight W is attached to the end of an elastic string, the 
work done by this w^eight in descending x feet is Wx. The work done 
by the tension in the string on the body is — |Ta: in extending the 
string X beyond its natural length, w'here T is the tension at the end. 
Now' if the body was released in the position where the extension was 
zero, it is showm in dynamics that it will come to rest again when the 
total work done on it is zero, that is, when ~ ^T-r =o, or when 
T = 2 W. Thus the body does not come to rest in 
the equilibrium position w^here T == W, but swings past 
it just as a pendulum bob does when it is released 
from any position except the equilibrium position. 

220. To find the extension of an elastic string 
under a continuous load distributed along its length. 

Here the tension is not uniform, and consequently 
the strain varies along the length of the string. We 
shall therefore be obliged to consider the strain at 
each point of the string. 

Let AB represent the unstretched string, A'B' the 
stretched string. Let P, Q be two points on the 
unstretched string, P',Q^ the corresponding points 
on the stretched string. Let AF = x, A'P' = .r -f- i". 
Thus s denotes the extension of AP. Now let 
I’Q r= then PQ' will be d{x + J') = 4- ds, TJien the strain in P'Q' 


P'lG. 107. 


ds 

is since ds is the increase in length and the original length was dx. 

If T denotes the tension at P, a the cross-section of the string, E 
Young’s modulus, 

^ = ^^~^x .(*) 


Let w be the load per foot in the neighbourhood of P'. Then the 
load on P'Q' is wdx, and this is balanced by the excess of tension at P 
over that at Q. Thus, '1' + dT being the tension at Q, 

T~ (T-F d^r) == wdx; 
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In this equation w may, of course, be a function of x. By integrating 
equations (2) and (i) we can find the tension and extension at any 
point if we are given the conditions necessary to fix the constants of 
integration. 

As an example take the case of a string under its own weight, w 
being constant, together with a load W at the end. Here 


Therefore 

dY 

sr — 

dx 

T = — 7£fX + C • . r . 

■ • • ( 3 ) 

or 

E/7 5^ = — 7£>X 4- C 
dx 


Whence 

Eax = — Vivx^ -f + D . . 

. . . ( 4 ) 


To find the constants, we have the conditions that T = W where 
^ = /, and X = o where x o. These give 

W = - 7 r/-f C 
o = D 

Thus we get finally, on putting these constants in (3) and (4), 

T == nil - x)+ W 
= l7Cf{2/x — x^) + W;ip 

The extension where = / is 

/ = + w/) 

221. Potential Energy of a Stretched String.—The potential energy 
of a stretched string is the work that could be done by the string in 
resuming its natural length. Jt may be regarded as energy stored up 
in the string which is available for doing work. This energy is the 
same as the work done by the stretching forces, provided the stretching 
takes place slowly; or it is the negative of the work done by the string 
against the stretching forces as the string is stretched from its natural 
length to its final state. 

Suppose that when a string is being stretched the tension at a 
distance x from one end is T. Let x denote the extension at this point 
as in the last article. Now let us consider the work done by the 
tensions at the ends of a portion of natural length dx as it is extended 
to dx + ds. Since the length is small the tension will be, at any instant, 
nearly the same all along the portion. If T is the final tension in this 
element, the work done in stretching it is therefore (by Art. 219) |Tffx, 
and the work done by the tensions themselves is the negative of this, 
namely, — ^T<^x. Hence the work done by the tensions as the string is 
stretched 

= .-i I T'^^dx 
Jq 

I being the natural length of the string. 
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The potential energy is the work which would be done by the string 
in contracting to the natural length again, and is therefore 


+yTds = 1 - 


r<>‘*r,,E 


T^dx 


JT2 


If the tension is uniform the potential energy is, of course, ^ 

the same as the w^ork done in stretching. The potential energy of the 
heavy string under its own weight alone is, by Art. 220, 


I I 7£'^ 

aK ' 6 dE 


\V2/ 


__ I (?(’//) 2 

6 ’ aE 

where W is the total weight of the string. 

This potential energy is one-third of that of the same string under a 
uniform tension equal to the weight of the string. 

222 , Elastic Rods.—In the theory of elastic solids it is assumed that 
the thrust required to shorten a rod by a length s is the same in magni* 
tude as the tension required to lengthen it by j-. This assumption is 
justified by experiments. Therefore the formula we have used for 
elastic strings, namely, 

1=^4 . 

can be applied to rods either in tension or thrust, with the conditions 
that a thrust shall be regarded as a negative tension and a contraction 
^ as a negative extension, and the value of E is 

the same in both cases. 

Example i.— AB, CD, EF, arc three equal 
and similar elastic rods whose ends are attached 
at equidistant points alon^s:; two stout bars^ 
which are supposed to remam always straight. 
At A and B two equal forces P are applied 
towards B and A respectively, ^ To find the 
taisions or thrusts in the three rods. 

Suppose the rods AB, CD, EF, have ex¬ 
tensions X, y^ z, respectively. It is simpler to 
assume the rods are all extended, and let the 
signs of the extensions tell us whether they 
are extended or contracted. Since the connecting bars are always 
straight, 

AB + EF = 2CD always; 

2/ + ^ ^ = 2/ + 2^, 

^+«).(®) 

The tensions in the rods are kx, ky, kz, k being the constant 



c 

D 





Fig. 108. 


that is, 
or 
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Then considering the equilibrium of the bar AE, we have by moments 
about A, 

ky ^ %kz = 0 . .(3) 

and by resolving parallel to the rods, 

P = -^k{x -i-y z) .(4) 

On solving equations (2), (3), and (4), we find 

kx = ~fP, ky = -ip, kz = ip 

Thus there is a tension in EF and thrusts in the other two rods, as 
might have been expected. 

It must be noticed that in this question we have assumed that there 
were no initial stresses in the rods. This would be quite true if the 
rods were exactly equal and the bars exactly straight. 

F.XAMPLE 2.— I/^ instead of having AE = 2AC in the last question^ 
we had had AE = nA(^' and the three rods parallel as before^ what would 


then be the tensions and thrusts I 

By similar triangles it is easy to show that 

EF — A?> = ;/rCD — AB) always; 

that is, z -- X — n{y — x) .(5) 

The equations corresponding to (3) and (4) of the last example are 
ky -f nkz = 0.(6) 

p = 4-J 4- .(7) 

Solving the equations (5), (6), (7) we get 


kx =__ V 

2 { m 2 - 4- i) 

ky =_r 

2(//2 - 4- t) 

2 (/A’ — // 4- r) 

Example 3. —Six rods of the same ?naterial and thickness form the 
sides and diagonals ef a square ABC I), and are 
joined together by smooth hinges at the corners. 

Four equal forces^ each of magnitude P, are 
applied at the hinges, all the forces being perpen¬ 
dicular to AB and all acting outwards from the 
frame. Find the stress in each rod, assuming 
there were no initial stresses. 

From symmetry the stresses in the rods 
meeting at A will be equal to those in the corre¬ 
sponding rods at any other corner. We have, 
therefore, only to find the stresses at A. 

Now, by considering the equilibrium of the 
hinge A we shall get two equations connecting 
these stresses. But we shall need a third 
equation. This third equation is a geometrical Fig. 109. 









( 7 ^ MECHANICS OF PARTICLES AND RIGID BODIES 


one, given by the fact that the lengths of the sides and the diagonals 
are not independent. The frame contains a redundant rod, and when¬ 
ever this happens the length of one of the rods can be expressed in 
terms of the others. Every redundant rod gives one geometrical 
equation. 

Let c denote the natural length of a side of the square; x, jv, and 2, 
the extensions of AB, AD, and AC. Then, since the figure will be a 
rectangle in the strained state. 

Neglecting squares of v, and 5, since these will be small in comparison 
with the first powers, this equation gives 

X A- y - a/ 2z . (9) 

Let X, Y, Z, denote the tensions in A 13 , AD, AC. Then, if a denotes 
the area of the section of each rod, 


X = E«-, Y = E^-^, Z = E<7-/- . . .(10) 

C C 2C 

Substituting in (9) for X, Y, Z, we get 


X-f Y= 2Z.(ii) 

Now resolving along AB and along AD for the equilibrium of the 
hinge at A, 

X + = o ....... .(I.) 

Y + ;^/‘3Z=I>.(13) 

Equations (11), (12), and (13), give 

X= -JpN 


Y = luS-lp 


2 


(14) 



Thus there are tensions in 
AD and AC, and a thrust 
in AB. 

Example 4. —In the same 
framework as in the last ex¬ 
ample two balancing forces P 
are applied at A and C, acting 
outwards from the frame. Find 
the stresses in the rods, 

(a) When the diagonal BD 
is strengthened so that its strain 
can be neglected. 
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(b) When the diagonal BD is left unstf'engthe?ied, 

{a) Let X denote the extension of the diagonal AC, and z the 
extension of each side. Then, since the diagonals remain perpendicular 
after strain, 

that is, neglecting squares of a: and 5, 

. 

Denoting the tensions in the diagonal and the sides by X and Z we 
have 


X = K<r7—, Z=e/.(16) 

V 2 r ’ c ' ' 

Equations (15) and (16) give 

X = 2Z. (l^) 

Also, for the equilibrium of the hinge at A 

P = X + .(x8) 

From (17) and (18) 

y-p I 

2 .(19) 

X = (2 - v' 2 )P' 

The tension Y in the diagonal CD is given by considering the 
equilibrium of the hinge at D. Thus 

Y= -^^P=(V2 - l)P . . . (2u) 

[b) Let the extensions of AC, BD, be x, r, and the extension of each 
side z. Then, because the diagonals are always perpendicular, 

" .(>') 

Therefore E<r - f Ea 2E^r ~; 

/sj 2C C' 

that is X 4 * Y = 2Z.(22) 

Also, by resolving along AC for the equilibrium of the hinge at A, 

X+V2Z=P .(23) 

and resolving along BD for the equilibrium of the hinge at D, 

Y+V2Z = o.{24) 
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Solving (2s), (23) and (24), we get 







(25) 


Example 5. —A BCD is a rectafi^nlar framcuwrk formed of rods AC, 
AD, BC, BD, CD. There are s 7 nooih hinges at the cort^crs of the rectangle^ 
and the hinges at A and B are fixed to two points in a vertical line. All 
the rods are of the safne material and the same cross-section. To find the 
stresses in them due to a load W applied at C, the lower end of CD. 

Let the natural lengths of AD and DC be a and h, I'he length of 
each diagonal will be f a'^ + //-, and we shall denote this by d for 
brevity. Let the angle ADB be a. Now let the tensions in AD, AC, BD, 

BC, CD, be X, Y, Y', X', Z, respectively, 
and let the extensions be x, y, y\ x\ z. 

Now the problem can be resolved 
into two easier problems similar to each 
other. We can deal with the rods AD, 
DB, acted on by the force Z, the iLMision 
in CD. Then we shall deal with the 
rods AC, CB, acted on by an upward 
force at C, whose magnitude is Z — W. 
We shall then have to express the con¬ 
dition that the sum of the downward displacement of D and the upward 
displacement of C is the contraction in the rod CD caused by the 
thrust — Z. It is, of course, obvious beforehand that this contraction 
will turn out negative; that is, there will be an extension in DC. 





Fig. II 2 A. 


Fig. II 2 B, 


For the equilibrium of the hinge at D we have the two statical 
equations, obtained by resolving horizontally and vertically, 


X + W cos a = o.(26) 

Z -f- Y'sin a = o.(27) 


Now suppose that, after the strain, the angle DAB becomes 9 , 
Then D descends a cos 9 approximately. We have now to find this 
quantity in terms of a^ and the strains x and y. 
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By trigonometry, from the triangle A131) after strain, 

Q = 1 ( ^+ y)i^ 

2 (a ^ x)b 
^ax — dy' 
ah 

on neglecting squares and products of x and/. 

Thus D descends 

ax •— d\^ 

~ b - .(^8) 

Now turning to the other part of the frame, we get the two statical 
equations 

X'+ Y cos a = o.(29) 

(Z — W) + Y sin a = o.(30) 

Also C rises 

ax -- dy ^ ^ 

~—b ..(80 

'Xlius CD is shortened by 

ax -- d^ ax! dy 

-T . . (30 

Since the extension of each rod is proportional to the product of the 
tension in the rod and the length, equation (32) gives 
^2x - ^2 y' + a2X' - ^2 y 

_ bz ==- - - - .... (33) 


Now by means of equations (26), (27), (29), (30), we can express 
all the other tensions in terms of Z. On substituting these values in 
(33). we get 


- b^Z, : 


a^ d~ d^ 


~ . (2Z - W) 


Therefore 

Z = 

2 a^ + 

• 4 - 

_w 

^,34.2^3'^ • • • 

• • • (34) 


W ~ Z = 

^3 4 " 

p + ^3 

• • • ( 35 ) 

« 

2^3 4I 

_ _. ^ \V 

4. 2^3 ‘ • 

Also 

Y' = -- 7 . 

/) ’ 


x = fz. 1 



0 

Y = +^(VV 

-z), 

- 

n" 

I 

^ 1 

II 

. . (36) 


Thus all the stresses are known. 

In all the preceding examples w^e have assumed that there were no 
initial stresses in the rods. But it can easily be shown that, if there are 
initial stresses, all our equations would remain true if we substituted 
everywhere the increases in the tensions due to the applied forces 
instead of the whole tensions. For our geometrical equations clearly 
give the increases in the extensions of the rods, and these are pro¬ 
portional to the increases in the tensions* Moreover, every hinge is in 
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equilibrium before and after the application of the external forces; and 
consequently, by subtracting the corresponding equations expressing 
equilibrium in the two states, we shall obtain new equations differing 
from the equations of equilibrium when the initial stresses are zero only 
in having the excesses of the tensions due to the applied forces instead 
of the whole tensions. 

223. Shearing of Short Beams. —Suppose a short beam is acted on 
by forces perpendicular to its length, and suppose that there is no appre¬ 
ciable bending; that is, suppose that there is no relative lengthening of 
the fibres of the beam in the direction of its length. Let y be the 
deviation, from the original central axis of the beam, of a point on the 
central axis at a distance x from one end (or from some fixed point on 

dy 

the beam). Then by definition is the shear strain. The shear stress 

dy 

per unit area of the section is therefore equal to being the modulus 

of rigidity. 

Example i. —For cast iro 7 t n = 6 .10^* lbs. per square inch. To find 
the deflection due to shear at the end of a horizontal cast-iron beam of 
rectangular section^ when a weight W lbs. is suspended at one end and 
the other end is firmly fixed in a wall. Length of beam standing out of 
wall 2 feet., depth i footy breadth 6 inches. 7 he weight of the beam itself 
may be neglected. 

Let jv' inches be the end deflection. In thivS case the shear strain is 

y . . v' 

■ -. Thus the strain is' -, and the stress per 
X 24 ^ 


constant, so that 


dx 


square inch is —Hence -- 
^ 72 72 

Therefore y' = 


24 


X 6 . 10® 


W 


18 X 10^ 


inches 


If W is 20 tons — 44,800 lbs., then jv' = 0*0025 inch. 



ExampIvE 2 .—A beam is bounded by Jiori- 
zontal and vertical faces y and a horizontal sec¬ 
tion of the beam is a quadrilateral with two 
sides parallel. The thick end is built into a 
wally and a weight W is suspended frofn the 
other end : to find the deflection due to shear. 

Let the widths of the horizontal section 
at the wall and at the free end be a and b 
respectively; and let / be the length of the 
beam, d its depth. 

This example differs from the last one in 
that the shear stress on unit area of a normal 
section is different at different points of the 
beam. For the total shearing force at any 
section is constant, while the area is variable 
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Let y denote the deflection at distance x from the wall. The area 
of this section is 




Hence the equation connecting stress and strain gives 
(Iv W 


dx 


,S 

d^a 


{a — b). 


Integrating, we get 

w/ r, J 

To makejv = o when x — o, C must be 


{a - b) 


IS 

log,, a 

X 


.c] 


Then 


W/ 


a — (a — If)' 


,log.- 


nd{a — b) a 

and the deflection at the end, obtained by putting x’ = /, is 

W/ , ^ 

-- l/)0- - 

nd{a-h) 

224 . Twisting of a Circular Rod.—Assuming that the lower end of 
a very short rod is flxed, we shall find what couple must be applied 
to the upper end to turn it through a small 
angle cf). 

Let / denote the length of the rod, and let 
dA denote the vScdional area of a very thin 
prismatic portion of the whole rod. 

There is one line in the rod which is not 
displaced by the couple. This is denoted by 
CD in the figure. 



Fig. 114. 


The line CP is strained into the position CP' by the couple, so that 
PCP' is the angle <^. 

Let the distance of dA from C be denoted by r, and let the co¬ 
ordinates of dA referred to a pair of axes through C in the plane PCP' be 

f’A) 

x^y. Then the shear strain of the thin column dA is consequently 


r<f> 


the shear stress is perpendicular to CP' (since </> is small). Thus 

92T<h 

the force on the upper dA is perpendicular to CP'. This force 


nxS , nyd) 

-^dA and ~ 

whole action on the upper face is known to be a couple, the vector sum 


has components ^~dA and 


dA parallel to the axes. Since the 
aow 

of all the shear forces is zero. That is, 


~ /xdA = o, and “ (ydA 


N 
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But if jv, are the co-ordinates of the centre of gravity of the area A of 
the upper section of the prism, these equations mean 

-jxh ~ o, and ~~y^ ~ o 

Thus the origin, namely C, is the centre of gravity of the area. This 
shows that the line which remains unmoved by a couple applied to a 
rod is the line joining the centres of gravity of the sections. 

To find the moment of the couple, take moments about C of all the 
shear forces, and the moment of the couple is found to be 


where I denotes the moment of inertia of the area of the section about 
the axis of twist. 

Since ^ and / are small, let us now write them and ds^ so that di^ 
is the angle through which an infinitesimal portion ds of a prism is 
twisted. Then the couple on any section is 

.4 

ds 


If the couple is constant throughout the length of the prism, as when 
couples are applied at the ends only, then ^ will be constant also, and 

becomes again where <f> and / are no longer small quantities, but are 


the total twist and the whole length of any prism. 

For a hollow cylinder with inner and outer radii a and b the couple 
on each end which will produce a twist cf) is 




nd> 

The work done by the couple -jl in twisting one end of the rod 
of length / through the angle d<f>, while the other end remains fixed, is 

#14 


Consequently, the whole work done in twisting the end through 
radians is 



^ being the final angle of twist per unit length. 

This gives the potential energy of the twisted rod. 

If a small piece ds of a rod is twisted through d^^ we find the work 
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done in twisting this by putting ds and for / and <f>i above. Thus 
the work is 



If ^ is not constant at every point of the rod, or if the rod is not 


straight, the last result shows that the work done in twisting the whole 
rod of length / is 

This, of course, includes the case where ^ is constant, and therefore 

ds 

equal to ^ for a straight rod. 


The preceding is Coulomb’s theory of torsion and was applied by 
him to prisms of any section. But St. Venant subsequently showed 
that this theory is inaccurate for any but rods which are solid or hollow 
circular cylinders. The assumption made in the preceding proof, 
namely, that the shear strain of an elemental prism is proportional to 

is true only if the end faces of this prism retain their original 
directions. From the definition of shear strain it is clear that the shear 
strain of a thin short prism is proportional to the change of the inclina¬ 
tion of the length of the prism to its end faces. Thus the whole of our 
proof depends for its validity on the assumption that the end faces of 
the short prism do not alter their directions ; that is, our argument 
requires that all the particles that were originally in a plane section 
remain in one plane section when the rod is twisted. St. Venant has 
shown ^ that Coulomb’s assumption is strictly true only for a circular 
rod or tube that has an axis of symmetry. For rods that have very 
compact sections, such as regular hexagons or octagons, Coulomb’s 
theory is nearly true. But if the section is not nearly circular, if, for 
example, the section is a triangle or a long thin rectangle, then 
Coulomb’s formula is very far from the truth. h"or a- section in the 
form of a square the factor I in the preceding formula should be 
replaced by 0*8441, and for an equilateral triangle it should be replaced 
by o*6oL 

The results proved above are true for all uniform prisms if we 
replace I by a coefficient K, which is less than I for all prisms except 
circular cylinders. 

224a. Stretching of a Spiral Spring. —Suppose the coils of a spiral 
spring are very nearly perpendicular to the axis of the spring—which is 
usually true—and suppose that the ends of the spring are bent so that 
the hooks, at which the pulls are applied, lie on the axis of the spring. 

Let equal pulls T be applied at the hooks, and consider the action 
at any normal section P of the wire. The portion of the spring from 
P to either end is in equilibrium under the force T at that end, and the 


1 See Prescott’s Applied Elasticity^ 
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action at the section P. To balance T this action must be a shearing 
force equal and opposite to T, and a couple in the plane containing P 
and the axis of the spring, which plane is very nearly coincident with 
the normal section at P. Assuming the coincidence to be exact, the 
couple produces a twist in the wire at P about the central axis of the 
wire at that point. Thus each small portion of the wire is subject to a 
torsion similar to that considered in Art. 224. 

Let a — the radius of the coils, r = the radius of the wire, n = the 
rigidity-modulus, ~ the angle of twist of a length ds of the wire, 
/ — the total length of wire in the coils. Then, since the couple is aT, 
we get 

ds 


Now, to find the extension of the wire due to T, it is easiest to use 
the principle of virtual work. The work done in twisting all the infini¬ 
tesimal portions of the wire is, by Art. 224, 



^T2/ 

2n¥^ 


If jc is the total extension of the spring, the work done by the 
tensions T is 

\\dx 
•' 0 

Now, since the shear strain is very small, and therefore the work 
done by the shearing force T is a negligible quantity, we may equate 
these two expressions for the work done. Thus— 

. ^2X2/ 

Tdx^ —^ 

J 0 2wK 

Differentiating with respect to x, we get 

2nY^ dx^ 


whence 


dx “ d^V 


and therefore T = — x 

No constant need be added, since T is clearly zero when x is zero. 

This gives T in terms of x, or x in terms of T, and we see that one 
is directly proportional to the other, just as for an elastic string. 

If the points at which the equal forces T arc applied do not lie on 
the axis of the spring we get a different relation between T and x. 

Let us consider a single coil of the wire. Suppose the line of action 
of the tensions meets the plane of this coil (the coil being assumed to 
be in one plane) at a point H distant c from the centre of the coil. 
Let / denote the perpendicular distance of H from the tangent to the 
element ds. Then the torsion in ds is /T, and now we have 
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Y.n 


#- 

ds 


r-pT 


If B is the angle which p makes with the line joining H to the 
centre of the coil, then 

p ■== a c cos 6 

Writing add for ds, we find that the work done in twisting this coil is 




add- 


aT^ 


2nKj 0 
aT^ 
2;/K 


r p^-dd 

0 

I (a^ + 2ac' cos d i-- cos2 d)dd 


aT‘^ 

= ---- (27Ta^ 7r/f2) 

If the wire of the spring had unit mass in unit length, its moment 
of inertia about the line of the tensions, if the line makes a small 
angle with the axis of the spring, would be 27 Ta(a^ -f If we call 
this 27 raK^, then the work done in twisting the coil may be written 

T2 

27 Ta(a^ + 

4 nK 

To get the work done on all the coils we must sum these quantities 
for every coil, and it is clear that this sum is 

/(«2 + _ 

where k is the radius of gyration of the spring about the line of the 
tensions. This differs from the work when the tensions are axial only 
in having (a^ -f k^) instead of 2a^, Since the rest of the work is 
exactly the same as before, it follows that 

(6/2 -I- ^2)7 

225. Bending of Thin Rods or Beams.— Suppose a thin, naturally 
straight, uniform rod or beam AB is acted on by no forces but two 
equal and opposite couples at its 
ends. In order that any portion, 

AP, of the beam should be in equi¬ 
librium, there must be a couple 
acting on this portion at P to 
balance the couple at A. That 
is, the action at P of the part PB 

on the part AP is a couple exactly equal to the couple at B. Similarly, 
the action of AP on PB is a couple at P equal to the one at A. 

It is clear from the above that any portion of the beam bounded by 
normal sections is under the same kind of action as the whole beam, 
namely, a pair of opposing couples at the ends, the magnitudes of whose 
moments are the same as those applied at A and B. It follows, there¬ 
fore, that all equal small elements of the beam will be similarly deforrned. 
This deformation is a bending. Thus, every element will be bent into 




a; 






Fig. 115. 
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a curve, and since the deformation is the same for every element, the 
whole beam must have the shape of a circular arc. 

226 . We shall now calculate the couple required 
to bend a given uniform rod into an arc of a circle of 
radius R. 

Let VQqp be a portion of the bent rod. The sections 
Vp^ Q^, which were originally normal plane sections, 
will be nearly plane after bending, and we shall assume 
they are plane, and that these planes meet in a line 
through O perpendicular to the plane of the paper, 
and are inclined at an angle Q. 

The figure is, of course, only a section of 

the beam in the plane of bending. Fig. ii6b may 
represent an end view of the section at P. 

Now it is clear that there is some plane of particles 
such as XX', meeting the section at P in the line AB, 
whose length remains unaltered by the bending. We 
shall show that AB passes through the centre of 
gravity of the area of the section at P. This line AB 
is called the fieutral axis. 

Let CC' denote a small strip of area dh. parallel to 
AB. Then the bundle of fibres CD, meeting the section 
at P in CC', has a new length, (R + where z is 
the distance of CC' from AB. But the natural length 
of CD is the length of XX', that is, RO. Hence the 




Fig. II6b. 


strain of CD is 


R* 


The strain of a bundle of fibres on the side of AB 


towards O will still be — if we regard z as negative there. 

jK 


The tension necessary to stretch CD is E^dA, Hence the total 

is. 

tension at the section through P is 

.(i) 

But since we know that the action at this section is a couple, the 
tension must be zero. That is, 

JzdA = o .(2) 

But if z is the distance of the centre of gravity of the section from 
AB, we know that 

fzdA = zJdA .(3) 

Thus equations (2) and (3) tell us that 5 = o, that is, the line AB 
passes through the centre of gravity of the section. 

The moment about AB of the tension on CC' is 

.(4) 

The sum of the moments, M, of all the tensions across the section at 
P is therefore given by 
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M=|PVA=|^ .(S) 

where I denotes the moment of inertia of the area of the section 
about AXB, which is a line through the centre of gravity of the section 
and perpendicular to the plane of bending. 

If X is the centre of gravity of the section the moment of the tensions 
E 

about PX/ is “ jyzdA^ which is zero by h)rpothesis. It follows then 
Iv 

that XB, XP are principal axes at X. This is a necessary condition 
that the rod should bend in the plane of the couple. 

If the neutral axis does not pass through the centre of gravity 
of the section, there is a tension T across the section given by 

T = ^/^^A=|iA.(6) 

A being the area of the section, and z being measured from the neutral 
axis. 

In this case we may regard the total action across the section as 
equivalent to a couple, together with the above tension acting at some 
point in the line through the centre of gravity parallel to the neutral 
axis AB. We will now find the moment of this couple. 

Let M denote the moment. Now T may be assumed to act at 
some point in the line where z — z. Hence, if we take moments about 
this line, of the stresses across the section at P, we shall get M, since T 
has no moment about the line. 

The tension on dA is 

|.^A 

and the distance of the line of action of this tension from the line about 
which we are taking moments is {z — z). Hence its moment is 

~ z)zdA 

iv 

Thus M = |/(a - z)zdA = |(> VA - zjzdK) 

= |{(I+ 52 A)-i 2 A} 

because jzdA = zAy and jz^dA = I -j- z^A by Art. 205 

El 

Hence M — ^.(7) 

exactly as when there is no resultant tension across the section. 

The quantity M, which is the moment, about an axis through the 
centre of gravity of a section perpendicular to the plane of bending, of 
the tensions across that section (thrusts being negative tensions), is 
called the bending moment at that section. 
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Beams with Transverse Loads. —We shall now consider the 
action across a section of a beam acted on by forces in one plane and 
perj:)endicular to the beam. 

Let PE be a portion of the beam, P being any point in it and B 
one end. Let E., S, T, denote the forces on PB. 

Since PB is in equilibrium, the action of the other portion of the 
beam on PB must balance R, S, and T. Now the forces R, S, T, are 
equivalent to a force at P perpendicular to the beam together with a 

couple. Hence the action of the other 
portion of the beam must be a force 
perpendicular to the beam and a couple, 
in order to keep the portion PB in 
equilibrium. The force is a shearing 
force and the couple is a bending moment^ 
and we shall denote them by F and M 
resj)cctively. 

In some cases there is a couple 
acting at the end of the beam. But 
the argument which shows that a couple and a force at P is necessary 
for equilibrium would not be affected if a couple were applied at B. 
Thfere would still be, in general, a bending moment and a shearing 
force at P. 

For the sake of clearness we must have rules to fix when shearing 
force and bending moment are positive. The following are the rules 
we shall use in this book for horizontal beams. 

The shearing force is considered positive when the left-hand portion 
exerts an upward force on the right-hand portion. 

The bending moment is considered positive when the tpper side of the 
beam is the convex side. 

The direction of positive shear and bending moment are indicated 
in Fig. 117. 

If w^e consider the external forces applied to PB to be positive when 
they act downwards and negative upwards, we get, by resolving perpen¬ 
dicular to the beam, for the equilibrium of PB, 

F = the sum of the external forces on PB. . . (i) 



Again, considering the moment of a downward force on PB as 
positive, we get, by taking moment about P • 

M = the sum of the moments about P of the external forces 

on PB.(2) 

It must be observed that, since shearing force and bending moment 
are mutual actions between two* portions 
of the beam, their directions on the two 
portions will be opposite. Thus, if AP is 
the other portion of the beam we have 
been dealing with, the directions of posi- 
FiG. 118. tive shearing force and bending moment 

are indicated in the figure. Equations 
similar to (i) and (2) would give F and M by considering the equili- 


A 

c 





ELASTICITY 


brium of AP. But in dealing with AP we should have to consider 
upward forces as positive in the equation for F. Downward forces 
would still, however, have a positive moment in the equation for M. 

228. Shearing Force and Bending Moment for Isolated Loads.— 
The equation (i) in the last article shows that the shear between two 
consecutive applied forces is constant when the only forces acting on the 
beam are concentrated at single points. Thus, in Fig. 117, if we 
imagine P to travel along the beam towards B, the shear will be 
constant until the force R is reached. On passing R there is a sudden 
decrease in the shear by an amount R, and then the shear is again 
constant as far as S, on passing which it increases by S. 

But there is no sudden alteration in the bending moment on passing 
a load as there is in the shear. For suppose x is the distance of R 
from P. The moment of R 

about P is Kx, and this quan- P Q R 

tity varies continuously with X a aY 

X : that is, there is no sudden I 

change in the quantity as x a t- - t ^ "-h r 

approaches zero. After pass- ^ ^ ♦ 

ing the load this term would 
not appear in the equation 
for M, as equation (2) shows. 

Thus the term due to the 
moment of R gradually ap¬ 
proaches zero as P approaches q _ ^ 

R, and must be omitted (that j 

is, must be taken as zero) i 

after passing that force. I 

We will now represent | 

shearing force and bending -i-^ 

moment in two instances by P* 

means of diagrams. These j 

diagrams give a very clear j r 

picture of the way in which j 

shear and bending moment j 

vary along the beam. ^7— D 

Figure 119 represents a 
beam AB supported on pegs 

at A and B, and acted on E s;—-- ^ P 

by the force P, Q, R, of 

given magnitude. Let the _ ' 

length of the beam be /, (x 

and let the distances of the 
lines of action of P, Q, R 

from A be b, c. Let .r denote the distance of any point K 
from A. 

By taking moments about K and B in turn, we find Y and X the 
reactions of the supporting pegs. 

The ordinates of the &scontinuous line Cppq(^rf^Y>^ measured from 
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OO', represent the values of the shearing force at the points of the beam 
vertically above them. 

The bending moment at K, obtained by taking moments about K 
for the equilibrium of AK, is 

M = -.rX 4 - /^)Q 

= x(? + Q - X) - - dQ 

Thus the curve for the bending moment between Q and R is a straight 
line whose slope is (P + Q — X), which is the negative of the shearing 
force in the same region. It is easy to see, therefore, that the bending 
moment curve is a series of sloping lines, the slope at each point being 
the negative of the she ar at the corresponding point of the beam. Also, 
M is zero at each end and negative for downward applied forces at all 
intermediate points. The ordinate of the polygon EajSyF at any point, 
measured from EF, gives the bending moment at the point of the beam 
vertically above it. 

It is an easy matter to show that the polygon Ea^y¥ is a funicular 
polygon for the forces on the beam. This is left as an exercise for the 
student. 

We take another example of a cantilever^ that is, a beam built into 
a wall at one end and free at the other. In this case the bending 

moment is not zero at the point 
R A where the beam leaves the 
wall. 

g The ordinates of the broken 
line between C and D again 
represent the shear in the beam. 
The shear is obtained immedi¬ 
ately from the given forces. 
Thus OC represents P + Q -f R, 
the shear between A and the 
P force P. The shear between P 
and Q is Q + R, and between 
d Q and the end B it is R. 

Now the bending moment 
curve can be constructed by 
starting at F and drawing three 
lines Fj8, jSa, aE', whose slopes 
are respectively R, (Q + R), 
(P + Q 4- R), the values ^ of 
^ the shear in the corresponding 
Fig. 120. regions. 

We shall in future refer to 
an end of a beam built into a wall as a fixed end, and to ah end 
supported on a peg as a supported end, and to an end not supported or 
held in any way as a free end. At a fixed end the direction, as well as 
the position, of the beam is fixed. At a supported end only the 
position is fixed* 
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229. Continuous Loads. —We will now prove some equations which 
are needed for finding the condition of a beam under a continuous load. 

Let a line along the beam be taken as 
axis of Xy and let w be the load per unit 
length at x. If w is constant there is a 
load w on each unit length of the beam, 
but if w is not constant the load on dx is 
ivdxy and w must be regarded as a function 
of .T. F and M will, of course, also be 
functions of x. 

We shall consider the equilibrium of a 
small poition, PQ, of the beam. Let 
the X co-ordinates of P and Q be 
and .rr -f dx. The load on PQ is wdx. 

Resolving perpendicular to the beam for the equilibrium ot PQ, 

(F -f ^F) — F -f wdx = o 

Whence .fi'l 

dx ^ ^ 

Also, taking moments about Q, 

(M + ^M) ~ M + Ydx - {wdx) Jdx = o 



where fdx denotes the distance of the line of action of wdx from Q; 
/is therefore a quantity less than unity. 

Dividing through by dx after removing M and — M, we get 


dx 


-F 


(2) 


Equations (i) and (2) are the fundamental equations for continuous 
beams, or beams under continuous loads. If, in addition to the con¬ 
tinuous load, there are finite loads at isolated points, there will be a 
sudden alteration in the shear on passing one of these loads, as was 
shown in Art. 228. There is no sudden alteration in the bending 
moment, but equation (2) shows that on passing a load there is a 
sudden change in the slope of the bending moment curve by an amount 
equal in magnitude to the change in the shear, that is, by an amount 
equal to the load at the point. 

230. Deflection of Beams due to Bending. —Now let ^ be the 
downward displacement, due to bending of the beam, of a point of the 
beam whose abscissa is x. Then x and / are the co-ordinates of a line 
of particles in the beam which was originally straight. The radius of 
curvature, R, of this line is given by 
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In a bent beam ^ is usually small compared with unity. If we 
ignore this term in the denominator of the expression for g we get 

I .'2'2 v ■ 

R = . 

Now any small portion of the beam may be regarded as an arc of a 
circle whose radius is the radius of curvature of the beam at that point. 
And it was shown in Art. 226 that, for a portion of a beam bent into 
the form of a circular arc, 

Af 

Hence, for any beam, 

d^y_ 

■••■•••« 

and for a beam in which is everywhere small, 

“ = ±■•■'2 .<*> 

The ambiguity in sign is removed by deciding which we shall call a 
positive bending moment. The rule in Art. 227 is that the bending 
moment is positive when the beam is convex upwards. Since y is 
measured downw^ards, a figure will show that if a beam is convex 

dy . d'^y . . d^y . 

upwards ^ increases with x\ that is, positive. Thus, 

positive when M is positive. Hence we must take the positive sign in 

(4) . Thus— 

*•=“2 .« 

The useful equations in this subject are (i) and (2) of Art. 229, and 

(5) above. We will write the first two of these equations here again 
for convenience— 

. 

.(7) 

Differentiating both sides of (5), we get 
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Differentiating again, El^^= 

= 7i/.(9) 

Equations (8) and (9) are only correct if I is constant along the 
beam, as in the case of a beam with uniform cross-section. If I is not 
constant, we get, instead of (8) and (9), 


^di.d^y 

'^dx 




( 8 , 7 ) 




7lf 


. . (9,7) 


For the present we shall deal only with uniform beams, so that we 
can take I to be constant. 

When w is given, equations (5), (7), and (9), enable us to express^ 
in terms of x and constants of integration. These constants have to be 
determined by the conditions to which the beam is subjected at the 
ends. But if there is a finite load or any kind of support at a point of 
the beam other than the ends, tiie constants will be different on opposite 
sides of that point. 

There are two conditions at each end of a beam, giving four con¬ 
ditions in all, and since there will be four constants in the integral of (9), 
these four conditions are just sufficient to determine the constants. 
The conditions are as follows :— 

At a supported end— 

(i) y is known ; (2) M is zero, t.e. is zero. 

At a fixed end— 

dy 

(i) y is known; (2) ^ is known, and is usually zero 
At a free end— 

(i) F is equal to the load at the end; (2) M is zero. 

281. Uniform Beam fixed at Both Ends under a Uniform Load.— 

A uniform beam is built into a wall at each end, the two ends being at 

the same level, and ^ is zero at each end. The load, per unit length 

is ..onstant. This load may be the weight of the beam itself. To find 
F, M, and y^ in terms of x. 

Let the origin be taken at the left-hand end of the beam. The 
differential equation to be solved is 


El 


d^y 
dx^ ' 


w 


(0 


Integrating four times in succession, we get 

= wx-\- A. 
dx^ 


. . (2) 
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EI^ = \wx^ + Ajp + B.(3) 

4 - + C.(4) 

aX 

Ely = + lAx^ + ^Bx^ + C« + D (5) 


X 

Fig. 122. 



If the length of the beam is /, the end-conditions are 
y = o \ when x = and 


and = o j when x = J 


The conditions when x =: o give 

D = o| 
c=.o3 


The other two conditions give 

X«,/4 + 1 A/3 + IJiF = 0 .(8) 

. • • • • 

From (8) and (9)— 

A = — ; B == .(10) 

Substituting, in'equations (2) to (4), the values found for the constants, 
we get 


M = 

Ely = ■^wx^{l — .t)2 


• • (11) 


The maximum deflection is clearly at the middle of the beam where 
/ 

ap = and its value is 


- ,- 

El 384 
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For a uniform beam fixed horizonlally at the end where = o and 
free at the other, under a uniform load w per unit length, the same 
method will give 

Elj' = ™ wx^ (6/2 — 4/^ + x^) 


And for a uniform beam supported on {egs at the ends, where = o 
and = /, the same method gives 

"Ely = ^ nLv (x^ ~ 2 /jt2 ~j- 


The student is recommended to work these out. 

232. Method of dealing with a Beam with a Concentrated 
Load. — As we have pointed out before, the shearing force is discon¬ 
tinuous at a concentrated load. Consequently the expressions for y 
on opposite sides of the load are different. We have therefore to find 
two sets of constants, one set to apply to each portion of the beam. 
There will be eight constants to be found, and we shall want eight 
equations to find them from. Four of these equations are given by the 
end-conditions of the beam. The other four are given by the relations 
between^ and its differential coefificienls infinitely near the load and on 
opposite sides of it. We will indicate what these relations are. 

If a known load is applied at any point of a beam, 

(1) the difference of the shearing force on the two sides of the load is 

equal to the load itself; 

(2) the bending moment remains unaltered on passing the load. 

dy 

(3) and (4) y and remain unaltered on passing the load. 

If, instead of a known load being applied, a support is placed 
under the beam at a known height, then the conditions are— 

(i) and (2)y is known at the point of support for both portions of the 
beam; 

dy 

(3) and (4) the bending moment and remain unaltered on passing 


the load. 

An example will illustrate the method. 

Both ends of a uniform beam are fixed horizontally at the same height. 
If the length of the beam is 1 , and a single load W is concentrated at a point 
distant a from one end, to find the deflection, neglecting the weight of the 
beam itself. 

We shall indicate quantities in the portions of the beam of lengths a 
and (/ — a) by suffixes i and 2 respectively, and we will suppose the 
former portion is the left-hand one. 

Between the load and either end w = o. Hence in each portion of 
the beam 



(0 


Solving this for both portions of the beam, we get 

EI^l =: jAi.^2 q- ^BiX^ + Cix + . . . 

= |A 2 ^ + 3^2*^^ + ^ 8 ^ -f ^>2 . . • 


. . (2) 

. . (3) 
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Now we have to find the eight constants in these two equations from 
our eight conditions. The conditions at the load are 

- F2 = W\ 

Mj — M2 = o j 

^'1 X = a . . (4) 

dx dx \ 
ji ~ yi = o / 

After finding F2, etc., from equations (2) and (3), and substi¬ 
tuting in these conditions, we get 

Ai - A2 = - W . . . (5) 

("Ai - A2V + (Bi - Ba) = o.(6) 

KAi - AaK + (Bi - BaV + (Cj - = o (7) 

i(Ai - Aa)^* + m - Ba)^^ + (Cj - C.,)a + (D, - Da) = o (8) 
These four equations give 

Bi-B2 = «W.(9) 

Q - Ca = - .(10) 

Di-Da = ^/=nV.(ii) 

Now the end-conditions are 

n = 

- 
dx 


°\ 

> when A' = ..(12) 


when = / 


The four conditions give 

Cl = O.(14) 

Di=o .(15) 

5A2/® -i- jBa^ + Ca^ -f- Da ~ o .(i6) 

a^a/^ -f- Ba/ -f- Ca = o.(17) 

Now equations (10), (ii), (14), (15) give Cj, Ca, Dj, Dg, immediately- 
Then Ag and Bg are found from (16) and (17) after substituting for C® 
and D,. Thus— 

A / ^ ] 

A2 = 


-(2/ — a) 


These two equations combined with (5) and (9) give 


Al = «)*(/+ 2«) 

Bi = ~(/-zr)2 


• • U9) 
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On substituting the values found for the constants, equations (2) and 
(3) become 

W;k:2 

EIji = --g^3 - 3<7/}.(20) 

EIJ2 = +-—{(3/- 2 a)x^ - 3/(2/- + 3/33,. _ / 3 „| 

= xY[{zl - 2a)x - al] .(21) 

283 . Deflection due to Several Systems of Loads—Suppose the 
end-conditions of a beam are that y or some of its differential co¬ 
efficients are zero; and suppose we use these conditions to find the 
deflections due to two separate systems of loads. Then the deflection 
due to the sum of the two systems of loads is the sum of the deflections 
due to each separately. 

Let^i and ^2 deflections due to two systems of loads ivi and 

per unit length, and let^ = + y^. We shall show that, under the 

condition^ stated, y is the deflection due to both loads. 

For, since y —yx^y^ .(i) 

therefore = El~* + 

do(^^ dx^ dx^ 

=5 aq -f- .(2) 

Thus y satisfies the differential equation for the deflection with a load 
[wi -h per unit length. 

Again, the constants of integration which appear in yx and ^2 
determined by making these quantities or their differential coefficients 
equal to zero at the ends. But since 

^y _ ^yx_ d^z 
dx^ “ dx'^ dx'^ 

it follows that the term on the left is zero when both terms on the right 
are zero. That is^y and its differential coefficients satisfy the same 
boundary conditions as yi and y2 and their differential coefficients. 
Thus y, which equals yi + satisfies all the conditions for the 
deflection of the beam under the load(z£/i + Therefore {yi y2) 
must be the deflection with this load. 

The preceding argument will hold when one or both of the systems 
of loads is a set of isolated loads. For suppose one of the systems 
includes a load W at a given point. Then the solution for this system 
gives an increase of the shear by an amount W on passing this load, 
and the solution for the other system gives no sudden alteration of the 
shear. Thus the sum of the two solutions gives an increase of the shear 
by W, which is as it should be for the sum of the loads. The rest of 
the conditions are just the same as before. 

As an example of the preceding, if we want the deflection due to a 

o 
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continuous load w per unit length and a finite load W at one point of a 
beam built into a wall at both ends, we have only to add the deflections 
obtained in Arts. 231 and 232, where the two loads are treated 
separately. 

But if the conditions of the end of the beam are that y or some of 
its differential coefficients are given quantities, not zero, then we must 
not use the same boundary conditions for both systems of loads. If, 
d^y 

for example, K, a known quantity, at one end of the beam, we 


d^y 

must use this condition for one system of loads, and make = o at 


this end for the other system. 

Or again, suppose there is a support at one point of a beam so that 
y is known there. We can assume that the support applies a load 
(positive or negative) at that point. We may call this unknown load W, 
and find the deflection due to W and the other given loads. Then 
equating the given deflection at the given point to the calculated 
deflection, wx can findiW, and thence the deflection at any other point. 

Example.-t— ^ uniform beam of length 1 is fixed horizontally at both 
ends and is supported by a prop at a distance a from one end^ so that the 
deflection is zeiv at that point To find the pressure on the support and the 
deflection at any point of the beam. 

Let R be the upward pressure of the prop. Then the deflection 
due to R alone is given by putting —R for W in equations (20) and 
(21) of Art. 232. Also the deflection due to the weight of the beam 
alone is given by the last of equations (ii) in Art. 231. Hence the 
deflection due to both is^, given by 


EI7 = ^wx^(l — x)^ + 


^2 

6/3 


(/ - a)2{(/ + 2a)x ~ 3^/} . 


(I) 


in the portion of length a; and 

EIj- = - xy - - x)ms/ - 2a)x - al} . (2) 


in the other portion. 

The two values of y in (i) and (2) are equal when x ^ a^ and this 
common value must be zero. Hence, putting y = o and x a in (i), 
we get 


R = 




(3) 


On substituting this value for R in (1) and (2), we get the deflection 
at any point of the beam. 

284. Beams with Variable Sections.— It was pointed out in Art. 
230 that if I is variable we must use equation (ga) instead of equation 
(9) of that Article. Also the shear is given by (Sa), and the equations 
( 6 ) and ( 7 ), being independent of I, are true for all beams. We will 
work an example to show the method to be used. 
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The thick end of a wedge-shaped beam is built into a wall, the edge 
of the wedge being vertical and 
unsupported. To find F, M, and^, 
when the only load is the weight 
of the beam itself. Let / be the 
length of the beam, d the depth, 
and b the width of the thick end. 

Let p be the density of the material. 

Taking the origin at the fixed 

I — X 


end, the width at x is 


b. 


Thus the weight of a length dx is 

I X 

p — j — b.ddx. Hence the weight 

per unit length at x is 



Fig. 123. 


Also 


w p 

I = 


/- 


/ 

I / 


-bd 


12 / 

Now the fundamental equation is 


bd^ 


Integrating this, -F = k . 


I — X 


bd 


And again 


M = Ei£{' = ■(.l-xf^-kx+'i^ 


Now at the free end, where x = /, we have the conditions 

F = o, M = o. 

Whence A = o, B = o. 


(0 

(2) 

(3) 

(4) 

( 5 ) 


( 6 ) 

( 7 ) 


get 


Now putting A and B zero in (5) and substituting for I from (2) we 


I l—x d'h I (d>d 

E.-7 l>d^- , , = A- * 

12 I dx- 6 / 


(8) 


Thus 


d^y 




^ - 


Integrating twice and introducing the conditions that y o and 


dx 


= o when jp = o, we get 


y = 


6Ed^ 


(6/2 - 4 /a + a2 ).(10) 
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Thus is found. Also F and M are given by equations (4) and (5) on 
putting A and B each equal to zero. 

In a case like this it is easy to get shearing force and bending 
moment without having recourse to the equation for the deflection. 
By equation (i), Art, 227 


F = weight of the portion of the beam to the right of x 
^ - x)d 





and 


M = the moment of this weight about the point .t: 


and these are the same values as before. 

235. Strength of Bent Beams. —When breaking occurs at any section 
of a bent beam, the first point to give way is either the one on the 
stretched side of the neutral axis furthest from that axis, or the one 
furthest away on the compressed side. Whether the stretched or the 
com*pressed side will break first depends on the shape of the section and 
the relative magnitudes of the tensile and compressive breaking stresses. 
Now suppose P is the maximum safe tensile stress and h the greatest 
distance of any point of the section from the neutral axis on the 
stretched side. It was proved in Art. 226 that the strain at distance h 

. . h , h 

from the axis is Hence the stress there is . Now if this is the 


maximum safe stress, we have 



(I) 


But if M is the bending moment at the section 

~ •••• •• 

Hence M = ^ ?.. • (3) 


Again, if Q is the maximum safe compressive stress, and k the 
greatest distance of any point of the section from the neutral axis on 
the compressed side, the bendifig moment Mx corresponding to the 
stress Q at the extremity is 


Ml 



(4) 


The maximum safe bending moment at the section is therefore the. 
smaller of the two quantities M and Mx given by (3) and (4)* 







ELASTICITY 1 97 

If the section of the beam is rectangular of width ^ and depth and 
there is no resultant tension across the section, then 

h^-^, k = -^ .... (5) 

Hence M = Mi = }dd^Q .(6) 

Thus the strength of the beam to resist breaking by bending is pro¬ 
portional to the breadth and the square of the depth. 

We will compare the strengths of two beams with similar sections of 
different size. Let ^ be the maximum width. Then it is clear that 


I = .( 7 ) 

where C is some number and the same for all similar sections. Hence 

M = CM2p.(8) 


Now is proportional to the depth of the section. It follows, there¬ 
fore, that the ^safe bending moments for similar sections varies as the 
breadth and the square of the depth. If d is the depth, we may write 
(8) thus— 

M=:A^^P . ..(9) 

The special case of a rectangular section has already been worked 
out separately. For this section A = | as in equation (6). For a 
circular section, or for an ellipse with a principal axis horizontal 



236. Comparison of Deflections due to Shearing: and Bending:.— 
It must not be forgotten that a beam with transverse loads has a deflec¬ 
tion due to shear strain as well as the one due to bending. The true 
deflection is the sum of these two. In the case of beams whose lengths 
are several times their depths, the deflection due to shear strain is small 
enough to be ignored in comparison with the other deflection. But 
for short beams the shear deflection may be as important as the bending 
deflection. To illustrate this let us take, as an example, a uniform beam 
with any shape of section, having a load W at one end and built into 
a wall at the other. We shall neglect the weight of the beam itself. 

Let / be the length of the beam, and J2 deflections at the end 
due to bending and shearing respectively. Let A be the area of the 
section, its moment of inertia about the neutral axis. Then if x 
is measured from the fixed end, the deflection due to bending is 
given by 

Ely = W (1/^2.. 1^3).(i) 

At the free end, where x = ^ and y = yi, we get 
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With these values 


(3) 

(4) 

(5) 

( 6 ) 


Also, for the shear strain, n being the modulus of rigidity, 

W_ y^ 

A~" / . 

From (2) and (3) we get . 

For cast iron E = i8 X lo® lbs. per square inch 
ft = 6 X 10® lbs. per square inch 

It _ 9-^1 

. 

If the beam has a rectangular section of depth d, then 
Therefore 

JJ? _ 3-^" 

Thus, I = the two deflections are nearly equally important. 

237 . Theory of Struts.—A strut is a long thin nafurally straight 
rod subject to a thrust. In the following theory it is assumed that we 
are dealing with uniform rods whose lengths are considerably greater than 
their widths. If the length in any case is greater than forty times the 
width, the results obtained will be fairly accurate. 

Suppose two equal and opposite forces F act at the ends A and B of 
a strut, these forces being in equilibrium. Let y be the deflection from 
the straight line AB of any point P at distance from A. 
Thus in the figure AM = a:, MP = Now exactly as in 
beams with lateral loads 

d^y 

El = bending moment at P 

= moment of external forces on AP 

= .(i) 

The reason for taking —Fjf and not -f F/is because it 

• 1 . d^y dv 

is obvious from the figure that is negative, since ^ is 

decreasing as x increases, and we cannot have a negative 
quantity equal to a positive quantity. 

Equation (i) may be written 


> 

Fig. 124. 


dx^ 


F 

“EI-^ 




where c is written for \J ^ for the sake of brevity. 


(2) 


Equation (2) is one which occurs very often in dynamics. In all 
questions of small oscillations of a body about a position of stable 
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equilibrium we have to solve an equation of this type. The solution is 
obtained in Art. 292, in connection with small oscillations of a particle. 
We give here an alternative method of solution, which the student 
had better pass over if he knows nothing of imaginary quantities. 

Put 

icxi t \ 

.(3) 

where / means — i, and therefore = — i. 

Differentiating both sides of (3) twice, we get 

• • • (4) 

that is, since the last term is — 

+ = .( 5 ) 

But by (2) the left-hand side of this equation is zero. Therefore 
d'^u .du 

1^2 + . 

Integrating this, “ -f- 2icu = a constant 

= 2/VA say.(7) 

. dx I 

Hence 2icj=^ ...(8) 

du u — A ^ ' 

and therefore zicx = — log^ (u — A) + log^ B . . (9) 

where, for convenience, log B is written for the constant of integratioa 
Equation (9) can be transformed into 


- - = e - 

u ^ A 

or « A + .•••.•••••» (10) 

whence y = Ad^^ + Be-'^ 

= A(cos cx 4 - ^ sin cx) + B(cos cx — ; sin cx) 

= (A 4- B) cos cx 4 - i{A — B) sin . . . . (ii) 

And, since A and B are any constants, and may be such complex 
quantities as will make (A 4 - B) and i (A — B) both real, we may write 

^ = C cos rjc -|- D sin r:i:.(12) 


This is the general solution of equation (2). We have now to make it fit 
our problem. 

Let / = the length of the rod. Then we know that = o when 
o, and y ^ o when x L The first of these conditions gives 

o = C» (13) 
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and then the second gives 

o = D sin /:/. • ( M) 

Now (14) can be satisfied either by taking D = o, or sin cl ^ o. If 
D = o there is no deflection of the rod anywhere, and the rod is there¬ 
fore straight. But taking 

sin r/ = ..(15) 

we get, as possible solutions, 

cl = TT, 27 rj 37r, etc.(16) 


This gives us <r, and therefore F in terms of /. Thus, substituting for c 
and squaring, 

F 77 ^ 47 r 2 

El = 72’ 

Also substituting for c in (12), 

^ = D sin -y or D sin ^ etc. . . . (18) 

If the rod is bent and in equilibrium, F must have one of the values 
given by (17). A force less than the smallest of these forces is not 

7 r 2 

capable of bending the rod. The smallest force, namely El y, bends 

4772 

the rod so tbat^ is zero only at the ends. The second force EI~y 

bends the rod so that y is zero at the middle as well as at the ends, as 
is shown by taking the second result in (18). In practice the 
rod could not retain this second form unless there were some 
constraint at the middle preventing that point from leaving 
the straight line AB. If no constraints are applied any 
force greater than the smallest will bend the rod; but as our 
present theory applies only to infinitesimal deflections it will 
not tell us precisely what fbree will break the rod. 

Perhaps the best way to realise the meaning of the result 
is the following. If the rod is placed with its ends against 
two points whose distance apart is less than the length of the 
rod, or if the ends are tied together by a string, the thrust 
exerted by each end of the rod against the constraining 

7 r 2 

bodies, or the tension in the string, is equal to ET^-^ whether 

the distance between the ends is only just less or considerably 
less than the length of the rod. 

238. Strut built in at the Ends.—If the ends of a strut 

are fixed so that ^ is zero there, we shall have to modify 

equation (2) a little to adapt it to this case. At the fixed end 
Fig. 125. the bending moment is not zero. Let N be the couple 



977^ 

72- 


etc. 


277 .r 


(17) 
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applied at the end A. Then the moment about P of the forces on 
AP is 

-Fj + N 

Hence, equating this to the bending moment at P, 

d'^y 

= .(■) 

.r N 

Now, putting z — y ^ p, we get 

d^z d^y 
dx^ dx^ 


and therefore —Yz . .(2) 

of which we know the solution to tie 

z = C cos + D sin rjc.(3) 

N 

whence J' = p + C cos rx -f .(4) 


The conditions at the ends are now 

dy C when x = 0 } . . 

/ !.< 5 > 

C when ^ = o ) 

■'=°! ™d«=/! . 

The first two conditions give 

I> = o.(7) 

<r C sin r/ = o.(8) 

Then the two remaining conditions give 

p + C = o.(9) 

N 

p + C cos ci = o .(10) 

From the last two equations we get 

C(i — cos <:/) = o . . ... . • (ii) 

Now if the rod is bent at all C is not zero, and therefore equations 
(8) and (ii) tell us that 

sin^/=o| 

and cosr/=if. 
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Since both these equations must be true simultaneously, we get 

d = 27 r, 47r, 67r, etc.(13) 


and therefore 


F 

El 




I 6772 


36772 
■/2 * 


etc. 


■ (14) 


N 


The equations do not tell us what N is. We only know that 
~ = — C, but C is itself unknown. The final value for y may therefore 
be written 

277.1 


= — C(^i - cos ), or = — 


cos etc. . (15) 


In this case the smallest force that will bend the rod is four times as 
great as the smallest force required to bend the same rod when the 
ends are not clamped. 

In all cases the form taken by a strut is a portion of 
a sine curve. When the ends are not fixed these ends 
are points of inflection on the sine curve, and thus the 
rod may have the form of any whole number of half wave¬ 
lengths of a sine curve. But when the ends are fixed these 
ends are both crests of a sine curve, (or both troughs). 
Thus the rod takes the form of a whole number of wave¬ 
lengths. If the bodies to which the ends of the rod are 
fixed are at a given distance apart, that distance being less 
than the length of the rod, constraints will be neecied to 
make the rod take any form except that of a whole wave¬ 
length. Thus, in order to make it take the form of two 
wave-lengths, the middle point L (Fig. 126) must be fixed 
in the straight line AB. Without a constraint this form 
gives a possible position of equilibrium, but it is unstable. 
The constraining body need apply no force at L except to 
balance such small external forces as would disturb the 
equilibrium. 

At a point of inflexion of the rod there is no bending 

g I moment, because is zero. It is clear, then, that the 

action at one of these points is a single force F parallel to 
AB. Thus if P, Q, are two consecutive points of inflexion, 
Fig. 126. the length PQ is exactly similar to the whole rod in the 
first case where the directions of the ends were not fixed. 

Since the length of PQ is 5/, we can get F from the first example by 

putting \l for I in the smallest value found for F in that example. 

This gives 

F 16772 


El 


/2 


which is the same as the second value of F for a rod.with fixed ends, 
and this we know to be correct. 
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EXAMPLES ON CHAPTER X 


1. A uniform indiarubber string has a length of 26 inches under a tension 

of lbs , and a length of 20 inches under a tension of one lb. Calculate the 
amount of work done in stretching it from its natural length to a length of 
30 inches, and draw a work diagram. [London B.Sc,^ 1907.) 

[The work done is 2^^ foot-lbs. A work diagram is force plotted 
against the displacement of the particle to which it is applied, and 
is a straight line in this case.] 

2. Prove that the potential energy stored up in a stretched siring is half 
the product of the tension and the extension. 

A uniform bar, 6 feet long, weighing 20 lbs., lies on perfectly rough 
ground. Evaluate the work done in raising one end from the ground to a 
height of 3 feet by means of a vertical string attached to that end, 

(i) when the string is inelastic; 

(ii) when the string is elastic, 2 feet long, and such that its length 
would be doubled by a pull of 30 lbs. weight. 

[London B.Sc.^ 1908.) 
[(i) 30 foot-lbs. ; (ii) 33J foot-lbs.] 

3. A string, whose natural length is na^ has n equal weights attached to 
it at distances 2^, 3/^, etc., from the highest point which is fixed. Find 
the total increase of length and the potential energy. 

[Manchester University B.Sc.^ 1911.) 

I^If w denotes one of the weights, and if tension — k Y, (strain), the 
increase of length is \n{n + i) and the potential energy is 
+ I)(2« + l) -^^- •] 

4. An elastic string of length I has two equal weights vo attached to it, 
one at the middle and one at an end of the string, and the whole lies on the 
ground. The string is picked up by the free end and is kept vertical until 
both weights are off the ground. If one of the weights would extend the 
whole string by «/, find the least work necessary to lift both weights off the 
ground. 

Ki-?)] 

5. If there were three weights attached to the string referred to in the 
last question at distances |/, and / from the free end, find the least 
amount of work necessary to lift all the weights by the free end of the 
string, 

K*+’j)] 


6. A uniform elastic string of length 2/ is suspended between two points at 

X 

the same level and hangs in the form of the catenary / = c cosh its length 
being only slightly increased by the tension in the string. Show that the 
potential energy ot the elastic forces is 9 being the density, 

and a the area, of the section of the string. 
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7. The ends of an elastic string are attached to two points in a vertical 
line at a greater distance apart than the natural length of the string. If a 
weight W is now attached to the middle of the string, show that, assuming 
the lower half does not become slack, it will displace that middle point one 
quarter as much as it would extend the whole string if the end to which it 
were attached were otherwise free. 

8. An elastic string, of natural length / and density />, is attached to two 
fixed points in a vertical line so that its extension is by which is greater than the 
weight of the string itself would produce. If E is Young’s modulus for the 
material, and a the cross-section of the string, show that the whole displace¬ 
ment of a point P, whose unstretched distance from the top would be Xy is 

Also find the tension at the lowest point and the potential energy of the 
stretched string. 

^Tension = - pP)-, Pot. E = -~(i2E2^2 + p 2 / 4 ),j 

9. One end of an elastic string, of length / and negligible weight, is 
fastened to a fixed point A at the same level as the top of a rough horizontal 
cylindrical rod and at distance b from it. The other end is passed over the 
rod, and then a weight w is attached to this end and allowed to reach its 
equilibrium position slowly. If the tension in the string is the product of nuu 
and the strain and the coefficient of friction between the string and the rod 
is fly find by how much the weight w stretches the whole string, the length 
in contact with the rod being negligible. 

[•/ .Cv-.) ] 

\n I 

L 2 q. j J 


10. A uniform extensible string, of length / in its natural state, rests on a 
rough inclined plane of inclination with its upper end fixed to the plane ; 

prove that its extension will lie between the limits — • where € is 

m 2c cos € ' 

the angle of friction, and c is the length of a portion of the string in its 
natural state whose weight is equal to the modulus of elasticity. 

{Dtiblin University Term exams.) 

[Show firstly that the tension is px{sin 6 ± tan e cos 0 ) at distance x 
from the lower end in the two limiting positions, p being the 
weight per foot.] 


II. Six uniform rods of the same material and diameter form the sides 
and diagonals of a rhombus ABCD with smooth hinges at the corners, and 
the lengths are such that when no forces act on the frame the rods are 
unstressed. The frame is suspended by the hinge A, and a weight W is 
attached to C. If AB = /, AC = 2a, BD = 2 by show that the tensions in 
these three rods are respectively 


^ w, ^ w, 2 ^ w 
where d = D 2a^ + 2^3 

12. Three rods, AP, BP, CP, of the same material and diameter and of 
lengths a, by r, are hinged together at P, and the other ends are fastened by 
hinges to a vertical beam. When no forces act on the frame, the rods arc 
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unstressed and CP is perpendicular to the wall. Also AB and SC are each 
equal to /, and remain unaltered by stresses in the rods. When a load W is 
applied at P, show that the tensions in the rods AP, BP, CP, are -f c^)St 
d(a^ — c^)Sf — c{a^ + 2^)S, where 

4. 

13. ABCD is a framework formed by four equal rods joined by smooth 
hinges, and another rod connects A and C. The hinges B and D are 
attached to fixed points on rigid supporting bodies, so that the frame spans 
a gap with AC vertical and all the other rods inclined at $ to AC. Assuming 
all the rods to be of the same material and thickness, and assuming that the 
distance BD remains constant, find the tensions in AB, AC, and BC, due to 
a weight W at the lowest point C. 


r w 


f ' ^ 

|. w , 

-f 4 COs 3 *1 

L 4 cos a 

^1 + 2 COS^d)^ 2 ’ 

(14-2 cos® 6 ) 

' 4 cos & 

1^1 + 2 COs 3 d)'] 


14. If the conditions of the last problem were the same, except that a rod 
joins B and D, and the hinge B is free to slide along a smooth fixed hori¬ 
zontal support, show that the stresses will be obtained from those given as 
the answers to the last question by adding 2 sin^ d to the numerators and 
denominators of the fractions in the brackets. 

15. Suppose a bicycle wheel has n spokes all in one plane and all at the 
same tension when no load is applied. If the rim of the wheel retains its 
shape when a load W is applied to the hub, show that the extension of a 
spoke inclined at d to the highest spoke (assumed to be vertical) is xcosS, 
where x denotes the extension of the highest spoke. Thence show that the 

2W 

additional tension in the highest spoke is , and in the spokes inclined at 
2W 

$ to this, — cos d, 
n 


— I + COs2 — 4- COs2 --- -f COs2 + ,, , + cos® 

L n n n n 



16. Referring to the last question, work out separately the case of a wheel 
with only four spokes when they are all inclined at 45° to the vertical, and 

show that the tension in each of the upper spokes is increased by and 


that the tension in each of the lower spokes is decreased by the same 
amount. 

17. Whether the highest spoke of the bicycle wheel in question 15 is 
vertical or not, prove that the tension in a spoke inclined at 6 to the highest 

2W 

radius is -cos 6 . and that the hub descends the same distance in each case. 

18. Find the couple necessary to twist one end of a bar, whose section is an 
equilateral triangle, through <)> radians, the other end being fixed, given that 
the length is /, the side of a section b, and the modulus of rigidity n, 

r \/3 ] 

Lso / J 


19. A solid cylindrical steel shaft has a length of 40 feet and diameter 
4 inches, and it carries a pulley at its middle point, the ends being fixed. 
Taking « to be 118 X 10^' lbs. per square inch, and the diameter of the pulley 
18 inches, find what force must be applied to the rim of the pulley to turn it 
through one degree. 

[About 4792 lbs.] 
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20. A spiral spring has 40 coils, very nearly horizontal, and the diameter 
of the coils is one inch ; the diameter of the wire is J of an inch. If it takes 
an axial pull of I4i lbs. to stretch it half an inch, what is the modulus of 
rigidity of the material ? 

[About 1202 X io 4 lbs. per square inch.] 

21. An iron bar, two inches in diameter, for which Young’s modulus is 

29 X 10® lbs. per square inch, is bent into the form of an arc of a circle of 
400 feet diameter. Find the maximum stress at any point of a transverse 
section. [12,080 lbs. per square inch.] 

Show further that if the stress be limited to 4 tons per square inch the 
diameter of the circle must not be less than 540 feet. 

{Board of Education^ Honours^ 1909*) 

22. Define neutt'al axis and radius of curvature. If a homogeneous 
uniform bar with a circular section one inch in diameter is bent to a radius 
of 720 inches by a bending moment of 200 ft.-lbs,, find the value of E. 

{Victoria UniversityHonours Engineering^ 1901.) 

[352 X lo® lbs. per square inch.] 

23. Find the bending moment at the middle of a beam due to a weight W 

applied at the middle, the ends being simply supported. If the beam has a 
breadth 6 inches and a depth 8 inches, find the maximum length so that the 
stress shall not exceed 5000 lbs. per square inch, the weight W being three 
tons. [15*87 feet.] 

24. If p is the density of the material of a beam of rectangular section 
with length /, breadth depth d^ simply supported at its ends, find the 
maximum Vjending moment due to its own weight. 

If p = j lb, per cubic inch, ^ = 12 inches, find the maximum span for a 
maximum safe stress of 2000 lbs. per square inch. [25*8 feet.] 

25. A beam 20 feet long rests symmetrically on supports 14 feet apart. It 
is loaded with 

(a) an evenly distributed load of half a ton per foot run over its whole 
length ; 

{d) 2 tons at one end. 

Sketch a bending-moment diagram and calculate the bending moments 
over the supports and at the middle of the beam, 

{Victoria University B.Sc. Enginee? ing, 1900.) 

[Bending moments at the support near the 2 tons, at the middle, and 
at the other support are —7, jf, foot-tons. The vertex of the 
parabola representing the Bending moment between the supports 
IS at I of feet from the 2-ton load, and at this point M = - 
foot-tons.] 

26. A beam rests on supports 15 feet apart and overhangs 7 feet at each 

end. It is loaded with an evenly distributed load of half a ton per foot run 
over the central span, 2 tons at one free end, and 3 tons at the other. Find 
the bending moment at the middle of the beam. Sketch shear and bending 
moment curves. ( Victoria University y B,Sc, Engineerings 1901.) 

[At the middle M = 31^5 foot-tons. At 13JJ feet from the two-ton 
load the shear is zero, and the value of the bending moment, 
nan>ely 3*220 foot-tons, is less than at any other point between 
the supports.] 

27. A beam of length /, width depth dy is held by one end in a horizontal 
position so as to be bent by its own weight; show that the curvature at a 

distance x from the fixed end is deflection at the 

other end of the beam. {Board of Education^ Honours y 1908.) 

r 1 
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28. A horizontal beam AB, of uniform cross-section, is held firmly at the 
end A, but is bent slightly by its own weight: find the droop at B. 

rw/3] 

LsErJ 

If the end B were partly supported, so that the droop were one-half of 
what it would be without support, find the pressure on the support. 

ijjoard of Educationy Honours^ 1897.) 

[f] 

29. A beam of length I and weight W is fixed horizontally at one end and 
supported at the other so that the two ends are in the same horizontal line. 
Show that, at the supported end, the beam makes an angle 


tan ^ 


W /2 

48 Kr 


with the horizontal. (^London Inter, Sci.y Honours^ 1900.) 

30. A rod of uniform cross-section is supported horizontally on three 

supports, one at each end and one at the middle, so that there is no droop 
at the middle. Show that the greatest droops are very nearly at one-fifth 
of the length from each end. {Board of Education^ Honours^ 1908.) 

31. If a uniform beam is supported at the same level at the ends and 

centre, show that there is no bending moment at three-eighths of the length 
of the beam from either end. {Board of Education^ Honours^ ^ 9 ^*) 

32. A beam is at first wholly supported on trestles at its ends, which are in 

a horizontal line ; the middle of the beam is gradually pushed up by a trestle 
till the pressures on the end trestles are relieved. Show that the middle 
trestle has been raised jj of the droop at the middle in the first position, and 
determine the pressures at the instant when the trestles were in a straight 
line. (^Board of Education, Honours^ 1906.) 


fsW. 

5W. 

sW] 

L16 ’ 

8 ’ 

16 J 


33. A uniformly loaded beam is supported at its ends by supports at 
the same level, and it is propped at the middle. If the centre prop is at 
the same level as the,supports, find the points of zero bending moment. 
If now the centre prop be raised a distance equal to a quarter of the 
deflection of the centre when the prop is wholly removed, prove that it bears 
a pressure equal to of the whole load. 

{Board of Education, Honours, 1910.) 

34. A beam, the moment of inertia of whose cross-section is I, is exposed 
to a bending moment M. Show that the stress in any layer can be put in 

My 

the form , where is the distance of the layer from a certain plane. 

A rectangular beam of breadth b, depth h, and length /, is built into a 
wall, the outer end being free ; it carries a load, P, which is so distributed that 
the intensity of the load at any point varies as the distance from the free 

2P/ 

end: prove that the maximum stress is 

{Manchester University, Honours Engineering, 1909.) 

35. Three spans are bridged by two equal girders of uniform section, 
hinged together at the centre of the middle span. The girders rest freely 
on the four supports, which are all at the same level. Find the ratio of the 
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length of an outer to the middle span so that the neutral axis may be 
horizontal over the intermediate supports. 

(^Manchester University^ Honours Engineerings 1908.) 

[The spans are equal.] 

36. A rectangular beam is symmetrically supported in a horizontal 

position upon two supports, the distance between which is “ of the length 

of the beam. Determine the form assumed by the beam. 

{Board of Education. Honours, 1907.) 
[Between the supports, at distance x from the middle, 


_ I2p/_ 
- Erf2\24- 


— 


3 V' 3 _- 

48 


3456 




p being the density of the material, d the depth of the beam.] 

37. A uniform beam of 15 feet span is fixed (not merely supported) at the 
ends and has two concentrated loads of one ton each at 5 feet from each 
end ; it has also a uniformly distributed load of half a ton per foot run. 
Draw the bending moment and shearing force diagrams, and find the points 
of contraflexure [z>. points of inflection where M is zero]. 

{Victoria University Honours, Engineering, 1901.) 

[At X feet from one end, where ^<5, 

M = ]jr2 - ^x 4 - ‘^^4^foot-tons ; M = o where x = 3*22 feet.] 

38 (a). If a horizontal beam of uniform section be loaded in any manner, 
and if M be the bending moment at distance x from any point on the beam 
with a given set of conditions at the end, show that, if the loads remain 
the same and the end conditions are altered in any way, the new bending 
moment will be (M + Cr + B), where C and B are constants. 

38 (^). If M is the bending moment of a uniform beam of length 2a at 
any point when it rests on supports at its ends, show that the bending 
moment at the same point, when it is clamped horizontally at both ends, 
under the same loads as before, is 


M + :^(M2 - Ml) + KMg + Ml) 


where Mj, M2, denote the bending moments at the ends in the second case, 
and x denotes the distance from the middle of the beam. 

38(c). Let M denote the bending moment at any point of a uniform 
beam of length 2a, loaded in any manner, when the ends rest freely on 
supports, and M' the bending moment at the same point when the ends 
are clamped horizontally, and let x be measured from the middle of the 
beam/ 

Prove that 

r+d r+® 

I Wdx = o ; I Wxdx = o 
j —a J —a 

If it is given that 

/■+« f+a 

I Mdx = — A, I Mxdx = — cA, 

J -a J 


show that the bending moments at the ends when the beam is clamped are 

^ 2«2 


(A question in Honours Engineering at Manchester University in 1901 
askedfor a proof of the final result,) 
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39. A uniform beam of weight W and length 'la bears a concentrated 
load P at its middle point. Find the bending moment at distance x from 
the middle point, assuming that the beam rests on supports at the ends. 


rw. . 
— (/2 ± 


;r)2 - 


W 4 - I 


{a ± ^). j 


Now make use of example 38 (^r) to find the bending moments at the 
ends when the beam is clamped there. 

[~(2W + 3 P)-] 


P 



CHAPTER XI 

POTENTIAL AND* ATTRACTIONS 


239 . Law of Gravitation.— By considering the motion of bodies 
near the earth’s surface, and comparing their motion with that 
of the moon, Newton concluded that the earth attracts all bodies with a 
force which varies inversely as the square of the distance of the body 
from the earth’s centre. A study of the behaviour of the earth and the 
other planets led him to the great Law of Gravitation^ which has been 
abundantly confirmed by all later investigations of the motions of the 
heavenly bodies. This is the law: Every particle of matter attracts 
every other particle with a force which is proportio?ial to the product of the 
masses of the two attracting particles and inversely as the square of the 
distance between theni^ and this force acts in the line joining the particles. 
Thus two particles of masses and at a distance r apart 

attract each other with a force k—P^* Also a mass m attracts unit 

m 

mass at a distance r away with a force k being a constant, called 

the constant of gravitation, which has been found by observation. The 
numerical value of k depends on the units of mass, length, time, 
that we use. The most reliable values for k have been found by 
measuring the actual force between two spheres in the Cavendish 
experiment, or rather in modern repetitions of this experiment. 
Measuring force in pounds weight, mass in pounds, and length in feet, 
the most probable value of the gravitation constant is 


li force is measured in poundals instead of pounds, the constant 
becomes 

^ 9*4 X io8 .. 

If we could determine by an independent method the mean 
density of the earth, we could find k from the known attraction on a 
body at its surface.* For it will be proved later in this chapter that a 
spherical body such as the earth attracts external particles as if the 
whole of its mass were concentrated into a particle at its centre. If, 
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then, r is the radius of the earth in feet, the attraction on one pound 
mass at its surface is 


mass of earth 4 
K X -^2-== 


. . (3) 


where p is the mean density, 
of one pound. Hence 


Therefore 


But we know that this attraction is a force 


I = ^TTKpr 


K = 


47rpr 


(4) 


But in practice this equation is used to determine p and not k, 
K has to be found by such experiments as the Cavendish experiment, 
or by finding the attraction of a mountain of known mass on a 
pendulum bob, as in the Schiehallion experiment. The value of p 
obtained from (4) by using the given value of k is about 5'6 times the 
density of water, that is, 5'6 x 62*4 pounds per cubic foot. The mean 
density of the earth may be taken roughly as 5i times that of water. 

240 . Attraction at a Point and Potential due to any Mass.—We 
have pointed out that the attraction of a mass pt on unit mass at a 

distance r is k ^. This force on unit mass at r is called the Attraction 

of the mass m at r. The attraction of m on any other mass tri at r is 
given immediately by multiplying the attraction on unit mass by tn, 
'rhe work, done on unit mass by the attraction of m in a dis¬ 
placement from f to r -f- dr is 

(TN :=z -dr .. • (i) 

whence the work function, W, obtained by integrating, is 


W = /" + C.(2) 

r ' 

The potential energy of the unit mass due to the attraction of m is 


V = 



(3) 


It would obviously be convenient to have C zero. We therefore 
take C zero, and thus make the potential energy zero when the unit 
mass is at an infinite distance from m. Then 


V = 



(4) 


In dealing with the potential energy of finite bodies it is found 
troublesome to carry the constant k all through our calculations; it is 
also a slight advantage to have a plus instead of a minus sign in (4). 
For these reasons we drop both the negative sign and the constant k 
in the theory of potential, and only introduce them in numerical 

calculations. We therefore call ^ the PotmtiaTof m at distance r. 

r 
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Since the negative sign is missing it would really be more correct to 
call this quantity the work function. However, the student should 
remember that to get the potential energy of the unit mass due to any 
attracting masses he must multiply the potential by — ac. Thus denoting 
potential by V, we have 



r 


( 5 ) 


and the force which m exerts on unit mass at r has a component, 
parallel to any line taken as a:-axis, whose magnitude is 


K 


dV 


KM 



“ KM 


I dr 
dx 


. . ( 6 ) 


If three mutually perpendicular axes be taken through the position 
of the attracting particle m, then, r denoting the distance of (ar, z) 
from 

= ^2 -f J'2 4. ^2 

and therefore 2r^-^2x and - == . (1) 

dx ox r 


Hence the force at z) parallel to. the ^-axis is 

5 V nt X 

K-^ = -K 2 • 

dx r 


.* . ( 8 ) 


which is obvious from a figure, because —is the outward force, 


and - is the cosine of the angle between the ^-axis and the line of action 
of the force. 

Our present task is to determine the potentials and attractions of 
finite bodies at points fixed relative to the bodies. The potential of a 
finite body at any point is the sum of the potentials of its parts, and is 
therefore 


V 



where dm is the element of mass situated at distance r from the 
point. 

The constant k will be equal to unity, and may therefore be omitted 
in potentials and attractions, if we properly choose a new unit of mass. 
Thus the acceleration produced in any mass by the attraction of a mass 
w at a distance r away is 


/= =-in foot-second uniU 

^2 9*4 X 108 r2 

If we write M for Km this becomes 
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Let us now choose a unit of mass so that M represents the mass of 
the attracting body. 1'his new unit is called the astronomical unit of 
mass* Thus we get 

K 7 n astronomical units = ;// lbs., 

I 


and therefore 


one astronomical unit = - lbs. 

K 


“ 9'4 X lo^ lbs. 

241. Potential and Attraction of a Thin Uniform Ring of Matter 
at a Point on its Axis. 

Let a be the radius of the ring, ?// its mass, and x the distance of the 
point from the centre. "I'lien every })oint of the ring is at the 
same distance from the point. Hence 

the potential is 

_. . . (i) 


and the attraction, 
axis, is 

(IV 


— K 


which is clearly along the 

. (2) 


= K 


dx (a^ 4- 



V 


The minus sign is introduced because 
which X increases, and that 


is the force in the 


dV 
""dx 

is the negative of the 


direction in 
attraction. 

It is necessary to point out here that the expression for V given 
by (i) does not enable us to find the components of the attraction 
perpendicular to the axis. It is true that if we differentiate V with 
respect to either y or j wc shall get zero as the result, but this does not 
tell us that the force perpendicular to OP is zero ; for the V 
given by (i) is not the complete expression for the potential at any 
point in space, it is only the expression which holds so long as we stick 
to the line OP. It is from the symmetry about the axis that we infer 
that there is no force perpendicular to this axis. The complete 
expression for V at (a', j', z) would involve7 and z, and it happens that 
dV dV 

and are zero on the .r-axis, but not in other positions. How¬ 
ever y and z are involved in the full expression for V they occur as 
constants in (i), and therefore we cannot infer anything from this 
dV dV 

equation concerning and -vj . But since and z are to be treated 


dV 


as constants in obtaining the fact that they are already in the 

form of constants does not affect our differentiation. Consequently we 

, . . dV 

get the correct value of the force along the A:-axis in 

It is worth w^hile here to get the attraction in another w^ay. 
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Let dm denote an element of the ring at Q. 
element is 


'^PQ2 ~ 


The attraction of this 

.. (3) 


and it acts along PQ. 

The component of this along the axis of the ring is 


urn ^ .V ^ j / \ 

/c- -X -- =K~ dm ... (4) 

a/ (.r2 -f a^) (^*2 _j_ ^ 2 ^^ 

The whole attraction of the ring, which is clearly the sum of the com¬ 
ponents along the axis, is 


xm 


K - (dm — K~ 

(x^ 4 - (X^ 4- ^2)^ 


. (5) 


242. Potential and Attraction of a Thin Uniform Circular Disc 
at a Point on its Axis. 

Let m denote the mass of the disc, a its radius, x the distance of the 
point from the centre of the disc. 

Let the disc be divided in thin concentric rings. If y and y 4 - dy 
be the internal and external radii of one of these rings, its mass is 


ffl X 


271 }'dy 


27 n , 


• • <i) 


Hence, by the last article, the potential of this ring is 


Consequently the potential of the whole disc is 

V 


_ 2^/2 I 
- ^2 J - 

n 


_ ydy 




Hence the attraction is 


_ _ X ^ 

‘^dx ~ IfiV ~ 7(a^ + 

= ^2^(1 - cos (?) . . 


(») 


(3) 


where 0 is the angle subtended by a radius of the disc at the point on 
the axis. 

If p is the surface density of the disc, that is, the mass per unit area, 
we may write the attraction F in the form 

F = 2TTKp{i — cos 6^/ ...*•• (4) 
since m = npa^ 








POTENTIAL AND ATTRACTIONS 


215 


Equation (4) shows that if p is the same for different discs, the 
attraction will be the same at such points on their axes that the radii 
subtend equal angles at those points. 

243- Attraction of an Infinite Plate or Disc with Uniform 
Surface Density. 

If we make a infinite in the expression for V in the last article, we 
get an infinite value for V. But the attraction is not infinite when a is 
infinite. The attraction forun infinite disc or plate is 


F = 2TTKp . (i) 

a quantity which is independent of x. Besides, since any line per¬ 
pendicular to the plane may be considered as the axis of an infinite 
plate, it follows that the attraction everywhere outside the plane itself 
IS the constant quantity 27 TKp. 

Although infinite plates do not exist, yet the equation (4) of the last 
article shows that any plane of matter may be regarded as infinite in 
finding the component attraction perpendicular to the plate at a point 
such that B is nearly a right angle. Moreover, the plane need not be 
circular. If a circular piece can be cut out of it such that the point lies 
on the axis of the circle and 6 is nearly a right angle,, the plane may 
still be treated as an infinite disc, for the component attraction of the 
matter outside the circle perpendicular to the plate will be negligible, 
although the component parallel to the plane may not be negligible. 

The attraction of an infinite plate, with a circular hole cut out, at a 
point on the axis of the circle, is the attraction of the infinite plate 
minus that of the circle, and is therefore ziTKp cos 6 , 

244. Attraction of a Homogeneous Solid Cylinder at a Point on 
its Axis. ■ 

Let p be the density of the cylinder, a its radius, 1 its length; and 
let d denote the distance of the point 
P, at which the attraction is required, 
from the nearer face. Thus PE = 

ABN is a section of the cylinder 
containing the axis CE. The cylinder 
may be supposed to be generated by 
rotating this rectangle about CE. 

Then the small strip MCN generates 
a circular disc. Let PC=.r, CD = dx. 

The mass of this disc is pa^dx. Then, by Art. 242, the attraction of 
the disc at P is 


Fig. 128. 


.(*) 

Therefore the attraction of the whole cylinder is 

J d ^ _ 

=s 27TKp{l — \/(/ + 

e 2jrK/j(/-PB + PA).(2) 





2i6 mechanics of particles and rigid bodies 


If I were infinite PB would also be infinite, and such that (/ — PB) 
would be — (I. Consequently the attraction of an infinite cylinder is 

^TTKp . (PA — d) 

245. Attraction of a Uniform Rod, bent into the Form of a Circular 
Arc, at the Centre of the Circle of which it forms a Part. 

Let p be the mass of unit length of the rod, and let M be the mid- 
]>oint of the rod. • Let angle JVIOB = a, angle 
MOQ = B, angle QOQ' ^ dB. If r is the 
radius, the mass of QQ' is prdB^ and its attrac¬ 
tion is 

prdO p a 

K o = K-dU 


From symmetry it is clear that^the resultant 
attraction acts along MO. Now the compo¬ 
nent of the attraction of QQ' along MO is 



iJ^dO . cos B 


Hence the resultant attraction of the rod is 

(• + a 


F = j cos BdB = 

-a ^ 


sin a 


(I) 


Since the whole length of the rod is 2ra, and therefore the total 
mass m is 2mp, we may write the attraction thus 


F = K 


( 2 ) 


The potential at O is obviously - , but we cannot get the attraction 

from this, since it is just the potential at a single ])oint, and not a general 
expression for potential at any point. If we were to find the potential 



NB = QQ^ = 


at a point on MO at a distance x 
from O, we could, by differentiating 
this expression with res])ect to 
find the attraction at x. But to find 
the attraction at O the preceding 
method of direct integration is much 
easier. 

246. Potential of a Thin Uni¬ 
form Rod of Length / at any 
Point P. 

Let m be the mass of the rod. 
In the figure, let NQ = x^ NA = jpi, 

ttt 

of QQ' is Hence its potential 


at P is 


tn dx 

7 * 7 * 


Therefore the potential of the whole rod is 
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w I dx ffi I (lx 

" J 



= f [log {(/2 + + A'l 

7 ® v'(/® +-ri^) 4 -.^1 

m + x^ 

- : + .V,. 

. . . (l) 

Now 

rep - X2^ =/2 =; . . . 

... ( 2 ) 

Therefore 

>2 4 .r2 r, - Xj 



r*! -f- Xi ” ^ 2 



_ '*2 ■b_:'''2 “b /'i '^1 

^1 ‘ ^'1 H~ f '2 ‘^2 



=r ''l -b ^2 ^ 

/•i 4 ^2 - 

• . . (3) 

Hence 

v = + ^ . . 

/ ^ ri + ?-2- ( 

• . ■ (4) 


If an ellipse be drawn through P with A and B as foci, the sum of 
the focal distances of all points on this ellipse is the same as for P, 
namely {?\ -f Hence the potential at all points on this ellipse will 
be the same as the potential at P. Thus the potential is constant over 
this ellipse, and therefore also over the ellipsoid obtained by revolving 
this ellipse about AB. 

247. Attraction of a Thin Rod.—The attraction may be found by 
differentiating the potential with 
respect to two perpendicular 
co-ordinates, and finding ihe 
resultant force. But it is easier 
to get the attraction without 
using the potential. 

As in the last article, QQ' 
is an element of the rod. A 
circle is drawn with centre P 
and radius / cutting PA, PB, 

PQ, I’Q', in b, q, q\ respec¬ 
tively. 

Let angle NPQ = 0, angle 

QQ' is 

m QQ' 



QPQ' = dd. Then the attraction of 


1>Q2 ^'^1 


dx 

PQ2 


But 


and therefore dx — p sec^ Odd 


x=ptzn6 .(r) 

PQ2 




(2) 
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Hence the attraction of QQ' is 




(3) 


Now if a rod of the same material and thickness as thfe given rod 
be bent to fit the circular arc ab^ the mass of the portion q(i would 

PI 

be and its attraction would be exactly the same as we have found 


in ( 3 ) above, and it would act in the same straight line QP. It follows, 
therefore, that the attraction of the given rod at P is the same in all 
respects as the attraction of a similar (but shorter) rod lying along ab. 
This attraction bisects the angle APB, and, by Art. 245 , its magnitude 
is given by 


F = 


2 m . 
/C --7 sin 
pi 


2 


(4) 


248. Attraction of a very Long Rod. —If AB is very long compared 
with /, and N lies between A and B at a great distance from each end, 
then the angle APB is nearly two right angles, and the bisector of this 
angle is nearly perpendicular to the rod. Consequently the attraction 
in this case is nearly perpendicular to the rod, and its magnitude is 
nearly 


^ m . 7T p 
F = 2 #c->sin - = 2 k!- 
pi 1 p 


where p is the mass of unit length. If A and B are at opposite infinities 
this result is exactly true. 

249. Components of the Attraction of a Thin Rod perpendicular 
and parallel to the Rod. 

Let the angles NPA, NPB, and APB, be denoted by a, jS, and y. 
Then the component of F (which acts along the bisector of the angle 
APB) parallel to BA is 

r sin (a + ^) = sin ^ sin (a + 


c= ^i/(cos a — cos p) . . . , (i) 



because p = ri cos a = ^2 cos p. 

Also the component of F perpendicular to the rod is 


F cos (a + = 2 icJ^sin ^ cos (a + 

= #^sin^~ sina) • . . . ( 3 ) ^ 

When the attraction of a rod at a point in its length is required the 
expression given in ( 2 ) of this article should be used, or this expression 
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can be easily obtained by direct integration for this particular case. 
But equation (4) of Art. 247 is not of much use for this case, because 
when the point is on the rod, both p and the angle APB are zero, and it 
is therefore necessary to find a limiting value. 

250. Potential and Attraction of a Thin Spherical Shell of 
Uniform Density. 

Case /. Point outside the _ 

shell. 

P is the point at which 
the potential is required; 
qy q\ are two very near points 
on the diameter through P; 

are perjDendicular to B 
OP and are both in the same 
plane. 

Let Vq = z, PQ == 
q(i = dZy OP = Xy angle 
QOQ' = dQ. Also let p be 
the mass of unit area, and a Fig. 132. 

the radius of the sphere. 

The mass of the spherical shell between the two planes through q 
and q/ perpendicular to OP is 

p. 27 T .Qq. QQ' = p. 27 ra sin 0 . adO = p . 27 T( 7 dz . . (i) 

because = —^ cos 0, and therefore dz ^ a sin Odd, 

The potential of this mass at P is 

dz 

p-2-rra- . (2) 


■i 


^2 = ^2 4. _ 2ZX 


Hence 2rdr = zxdz . , 

Therefore the potential of the thin strip is 


-= 2Trpa . — 

xr ^ X 


Consequently the potential of the whole shell is 


2TTpa 


- PA) 


mass of shell 


This is exactly the same as if the whole mass were concentrated at 
the centre of the shell. 

The attraction is 

.(7) 
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Thus a spherical shell of uniform density attracts external particles, 
and therefore all external bodies, exactly as if the mass of the shell 
were placed at its centre. 

Case II. If P is inside the shell, everything, as far as equation ( 5 ) 
above, is just the same. In this case we get 


V = 


271 pa 

X 


. (PB - PA) 


• • ( 8 ) 


just as before. But it might seem as if we ought to take PB (or PA) 
as a negative quantity. But PA and PB are the initial and final values 
of PQ, a quantity which never passes through zero. Consequently 
PB — PA is the actual difference of the lengths, both regarded as 
positive quantities. Hence 


27Tpa 

V = . 2X = ^TTpa 


(9) 


for an internal point. 

Thus the potential at an internal point is constant, that is, it does 
not depend on x. Consequently the attraction, which is proportional 

to is zero everywhere inside the shell. 

251. Attraction of a Solid Sphere and of a Hollow Sphere. —If a 
solid sphere or a hollow sphere is composed of uniform shells such as 
we considered in the last article, such a sphere will attract all external 
particles exactly as if its mass were concentrated at its centre. And a 
particle inside the mass of the sphere will be attracted by all the shells 
to which it is external, and will experience no force from the other 
shells. We will express this result in symbols. 

If the density of a sphere at distance a from its centre is a function 
of a only, the sphere can be divided into uniform thin shells. Let 
p denote the density at distance a. This density p need not be a con¬ 
tinuous quantity; it may be zero for some values of a, and it may 
change its value suddenly as a increases gradually. 

The mass of a thin shell of thickness da is ^TTpa^da^ and its attrac¬ 
tion on an external particle at distance r from its centre is 


^TTpa^da 


(0 


The attraction of the whole sphere at the point is therefore 

F = . 


(2) 


and this applies whether the particle is inside the mass or not. But if 
the particle is outside the mass, p will be zero from the point where a is 
equal to the radius of the bounding sphere of the mass up to ^ = f*. 
In this case, if = the radius of the boundary, the preceding value fof 
F is the same as 


(3) 
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Suppose we are dealing with a solid sphere of uniform density, and 
we want the attraction inside the mass at a distance r from the centre. 
The mass inside the sphere of radius r (which is the only mass that 
exerts a resultant attraction at the point) is tt pr^. The attraction of 
this at r is 

V = KJ^pr. (4) 

Thus the attraction of a uniform solid sphere at a [)oint inside its 
mass is proportional to the distance from the centre. 

The result given by ecjuation (2) agrees, of course, with that in (4). 

Potential and Attraction of a Uniform Plate at a Point in 
its Plane not occupied by Matter. 

Let PQR,be the boundaries of the plate, and () the point at 
which the attraction is required. The whole area can be divided into 
such strips as PQy/ by lines through O. We must first find the 
attraction and potential of such a striji as PQy/ separately. 

In Fig. 133B, let the angle P'O'q)' = (f> a. very small angle. Let M, N, 



Fig. 133A. Fig. 133B. 


be two neighbouring points on /V, and let ()b\I = r, MN = dr. The 
strip cut out by lines through M and N perpendicular to O'P' is a[)proxi- 
mately a rectangle with sides dr and If p is the mass of unit 

area, the mass of this strip is pr<f)dr, I bmce the attraction at O' is 



prSdr .dr 

^ ^2 = W ^. 

. . (i) 

and the potential at O' 

is p<j)dr . 

• (2) 

(—! 

c 

II 

c 

II 

;*2, the attraction of the strip is 



Kp 4 > 

J 

y = . . . . 

■ • (3) 

and the potential is 

pcj>^ 

Ti ^ 

rr 2 

dr = prp{r2 - rj) . . . . 

^1 

. . (4) 


Now returning to our plate, let OA be any fixed line in the plane 
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of the plate, and let angle AOP = d, angle POQ = dB, Then the 


potential of the strip VCp/p at O is 

. . P('2 - rT)dB .(5) 

and the attraction is 

.( 6 ) 

The potential of the whole plate at O is therefore 

V = p f{r2-f\)de .(7) 


When the polar equations of the bounding curves are known, this 
integral is an integral of a function of 6 between known limits. For 
the figure shown the limits of 6 Avould be o and ztt ; but these will 
not be the limits for all plates, because all plates would not completely 
encircle O. 

The component attraction parallel to AO of the strip PQ<7/ is 


Kp lug ~ cos 0 dO .(8) 

Integrating for the whole plate, the attraction parallel to AO is 

X = KpJlog con 0 de .(9) 

Similarly the component attraction perpendicular to OA is 


= Kpjl 


log ^ mnB dO .(10) 


We will apply our results to find the attraction and potential of a 
sector of a disc bounded by concentric circles at the centre of the circles. 

For such a disc and r2 are constant. If 
2a is the angle of the sector, the potential at 
the centre is obviously 

V=2pa(r2~'i) ‘ • ( 11 ) 
The resultant attraction is along the bisector 
of the angle, and if 9 be measured from this 
bisector OM, the magnitude of the attraction is 



=Kpriog'> 

—a ^ 1 


COS B . dB 


Fig. 134. 


= 2Kp sin a log 




(12) 


The attraction is of the same form for any plate for which y is con¬ 
stant, and moreover the attraction acts along the bisector of the angle at 
O. For, if we measure B from this bisector, equation (10) shows that 

there is no force perpendicular to the bisector when ~ is consiant, and 








POTENTIAL AND ATTRACTIONS 


223 


equation (12) gives the attraction along the bisector. Also, if a is two 
right angles the attraction is zero. Thus if a hole be cut in any uniform 
plate, the boundary of the hole being a curve similar and similarly 
situated with the boundary of the plate, the attraction of the remainder 
will be zero at the centre of similitude of the two curves provided there 

is matter all round the hole, because for such a plate is constant and 

a = 7T. For instance, in the plate just considered, suppose the centre 
of the circular boundaries of the hole had been somewhere in NM, and 
suppose the hole had had the same shape as the plate has in the 
example. Then the boundaries of the hole and the plate from which 
it is cut would be similar and similarly situated curves, with the centre 
of similitude somewhere inside the hole and in NM. The attraction at 
this centre of similitude would therefore be zero. 

253. Gauss’s Theorem,—Before proceeding to this theorem we will 
explain what is meant by a solid 
angle. 

If every point of a closed sur¬ 
face S be joined to the centre of a 
sphere of radius an irregular cone 
will be thus formed which will 
meet the surface of the sphere in a 
closed curve. 'Then the solid angle 
subtended at O by the area S is de- 
A 

fined to be «, where A is the area of 

the closed curve on the surface of 
the sphere. This quantity is the same 
whatever sphere we take with centre Pig. 135. 

O, because the intersection of the 

cone with different spheres will give similar curves, whose areas will 
clearly be proportional to the square of their linear dimensions—that 

A 

is, proportional to Hence will be the same for all spheres with 
centre O. 

The preceding definition corresponds to the definition of the radian 
measure of a plane angle. In plane geometry lines take the place of 
surfaces, and a circle takes the place of the sphere. 

The solid angle subtended at the centre by any spherical surface is 
the sum of the solid angles subtended by its parts. Thus we might 
divide it into two halves, or eight octants. Then the solid angle is 
clearly 

area of sphere . v 

(radius)^ — 4 ^. 

We will now state and prove Gauss’s Theorem. 

If, in any region where attracting matter is situated, any closed 
geometrical surface be taken and divided into infinitely small elements 
of area, and each element of area be multiplied by the component, along 
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the inward normal to the surface at that point, of the attraction due to 
all the matter in the region, then the sum of these products is equal to 
the product of ^ttk and the mass enclosed by the surface. 

Let denote a small element of area on our geometrical surface, 
and let N be the component of the attraction along the normal to 
drawn towards the inside of the surface. Then Gauss’s theorem states 
that 

|N^/vS — qTTAc X (mass enclosed by surface) . . . (2) 

the integral being taken over the whole of the closed surface. 

We will first deal with single 
N’, particles. 

Let a particle be situated 
outside the closed surface at a 
j)oint P. Let a small cone be 
drawn through P to meet the 
surface in A and B, and let 
and d^’ denote the elements of 
area cut out by the cone at 
Fig. 136. A and B. Let Njl and Nj be 

the normal components of the 
attraction of m-^ at these points. 6 and 6 ^ are the angles between the 
normals at A and B and the thin cone PAB as shown in the figure. 

The attraction at A is component of this along the 

imvard normal is 

Nl = - COS 0 .(3) 

Hence cos ^ 

Now .^3 cos d is the area of the normal section of the cone at A, 
that is, the area of the section perpendicular to PA. Hence 


- "p^2 ~ solid angle of the cone . . (4) 

Hence = --Km^doi .. (5) 

In the same way we can prove that 

= -f-/cwi^a>.(6) 


The sign is positive in (6) because N/ is clearly positive. In fact, 
the component along the inward normal is positive wherever the cone 
passes out of the region enclosed by the surface, and negative where it 
passes in. Now 

Nj^S 4- = 0.(7) 

The whole surface can clearly be divided into pairs of elements such 
as those at A and B, both in the same small cone; and since for every 
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such pair an equation similar to (7) would be true, it follows that, for 
the whole surface, 

/N^S = 0.(8) 


for this equation is obtained by adding together all such equations as (7). 

Now let us turn to an internal particle. 

Let Ml be the mass of an internal particle. At A the cone passes 
out of the surface, and therefore 

Njrti^S = /cM 1(^60 
Summing for the whole surface 
/N^/S = /<MijV/ct> 

= qTTfcMi ... (9) 

It is clear that Jlaj for a closed surface is the 
same as for a sphere with centre P, and this Fig. 137. 

we know to be 477. 

Now suppose there are particles M^, M2, M3, etc., inside the surface, 
and let the normal components of the attractions of these at an element 
//S be Nj, No, N3, etc. Also suppose there are particles ;;/i, 
outside the surface, and let the normal components of the attraction of 
these at be «i, ;/2, etc. Let N denote the normal component of 
the attraction of all these particles. Then clearly 

N = (Nj + N2 -f N3 + ...) 4 * (rii 4 - ^^2 4 - + ...) . (10) 

Hence 

J NIS = /(Nj + N2 4 “ N3.. .)IS 4 ~ fO^i 4 * ^^2 4 “ ^^3 4 " • • 0 ''^^ 

= 47 tk(Mx 4 - M2 4 - M3 4 “ ‘ 4 - o 

= 47 TK X (total mass inside surface). (ii) 

Since this result is true for any number of particles it is true for any 
finite body, since it may be considered to be composed of a very large 
number of particles. It may hapj)en that, for a particular geometrical 
surface, the cones we liave considered meet the surface in more points 
than we have assumed. Thus the 
cone for an internal particle may 
meet at three points, as shown in 
Fig. 138. But the additional number 
of intersections is in all cases an 
even number, because every time 
that the cone enters the region en¬ 
closed by the surface it will have to 
be produced till it leaves the region 
again. Thus the additional inter- 138. 

sections occur in pairs, one on 

entering and one on leaving. Now, exactly as in dealing with an 
external particle, we can prove that the sum of the contributions of the 
elements B and C to the integral 

/NrfS 

is zero. The value of the integral is, therefore, just the same as if we 

Q 
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did not produce the cone beyond A; that is, the cone need not be 
produced when once it has got outside the surface. 'I'he additional 
intersections do not therefore affect our results, and Gauss’s theorem 
remains true for any kind of closed surface. 

The same law of force holds for electricity as for ordinary matter, 
except that the force is repulsive between two positive charges instead 
of attractive as with positive matter. If we take the force along the 
outward normal instead of along the inward normal, Gauss's theorem 
will be equally true for electricity. I'he total mass inside the surface 
will, in this case, correspond to the algebraic sum of the charges. Also 
K will be a different constant for electricity. 

The quantity is called the tJormalimlucHon at the element ^S, 
and /N^S is called the total normal induction over the surface. 

254 . Applications of Gauss’s Theorem.—There are many useful 
applications of Gauss’s theorem, and particularly in electrostatics. We 
will give here a few examples. 

(i) To find the attraction of a uniform spherical shell, or of any 
number of concentric uniform spherical shells at a point P at distance r 
from the centre, let a sphere be taken through P concentric w'ith the 
shells. Applying Gauss’s theorem to this sphere 

/N^/S = \TtK X (mass inside s])here through J^) . , (i) 

But N is constant all over the spherical surface, and it is equal to the 
resultant attraction R Hence 

/NV/S = FfaS = 47 r/2 F ...... (2) 

Therefore by (i) and (2) 



where M is the total mass inside the sphere through P. This has 
already been proved in Art. 251. 

(ii) Attractuyn of an infinite unifo 7 ‘m plane at any point 

It is obvious that the attraction of a plane infinite in all directions 



has no component parallel to the plane. 
To find the attraction at P take, a& 
Gauss surface, a thin cylinder with axis 
PP' perpendicular to the plane, P and 
P' being at equal distances from the 
plane on opposite sides of it. Let F 
be the attraction at P, and therefore 
at F. Since there is no force parallel 
to the plane, the normal component 
of the attraction all over the curved 


Fio, 139. surface of the cylinder is zero. Con¬ 

sequently the total normal induction 
over the surface of the cylinder is merely the normal induction over 
the ends; that is, 2FA, where A is the area of the section of the 
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cylinder. Applying Gauss’s theorem to this cylinder, we get, if p is the 
mass per unit area on the plane, 

2FA = . pA . . 

whence F = 2 'nKp . . . 

which agrees with equation (i), Art. 243. 

(iii) Attraction of an infinite rod at distance p fn 
Let p be the mass of unit length. Let us now 
apply Gauss’s theorem to a cylinder with the rod 
as axis and radius /. The normal induction over 
the plane faces of the cylinder is zero, because 
there is no component attraction parallel to the 
rod. Also the normal force over the curved 
surface is perpendicular to that surface; that is, 

N = F, the whole attraction. Hence, if / is the 
length of the cylinder, Gauss’s theorem gives 

27TpI¥ = 47rK . pi . . . (6) 

p 

Consequently F = 2 k^ . , . . (7) 

Fk;. 140. 

the same result as in Art. 248. 

255. The normal component of the attraction of any continuouB 
distribution of matter on a plane at a point infinitely near the plane. 

Let P be the point at which the attraction is recjuired. The attraction 
will clearly be the same at P' at the same distance on the other side of 
the plane. Let us therefore take a cylinder with the plane faces 
through P and P', and the generating lines perpendicular to the 
plane. Since P and P' are infinitely near the plane, the area 
of the curved portion of this cylinder can be made infinitely 
small compared with the area of the ends without making the 
ends themselves large. We may therefore neglect the normal 
induction of the curved surface in comparison with that over P| p 
the ends in applying Gauss's theorem to this cylinder. 

Let p be the mass per unit area in the neighbourhood of P, 
and let N be the normal component of the attraction over the 
ends of the cylinder. Then Gauss's theorem gives 

2NA = 47rftrpA; 

whence N = zrrKp .(8) 

This result could have been obtained by considering the attraction 
of the mass in the neighbourhood of P to be the same as that of an infinite 
'plane with the same density. For, equation (4), Art. 242, gives for the 
attraction of a disc at a point on its axis ‘v 

F = 27rKp{i — cos 9 )' .(9) 

where 26 is the angle subtended by a diameter of the disc at the point. 
If 0 is nearly a right angle this gives 

F = 2TTKp nearly 



(10) 
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Now 0 will be nearly a right angle for a point infinitely near even a 
small disc. Consequently, a small circular portion of the plane with P 
on its axis may be considered as an infinite disc in finding the attraction 
at P. The attraction of this disc is therefore 27r/cp. 

Now the component, perpendicular to the plane, of the attraction of 
the rest of the plane is very small, because the line joining P to any 
particle in this remainder (which is the direction of the attraction of 
that particle) is very nearly parallel to the plane. Thus the normal 
component of the attraction is the attraction of the small disc in the 
neighbourhood of P, which we have found to be 277/cp. 

256. The alteration in the attraction of any surface distribu¬ 
tion of matter on crossing the surface. 

Exactly as in the last article, where we dealt with a plane distribu¬ 
tion of matter, a small portion of the surface surrounding any point A 
may be regarded as an infinite plane in finding the attraction at a point 
P infinitely near the surface on the normal through A. On crossing the 
surface the direction of this attraction is reversed, and consequently the 
alteration in the attraction of this small area is twice the attraction on 
either side. If p is the surface density in the neighbourhood of the 
point, the attraction at P of this small portion is 27 r/<:p, and conse¬ 
quently the alteration in the attraction is 47r/cp. The attraction of the 
remainder of the body does not appreciably alter in passing from 
a point infinitely near the surface on one side to a point infinitely near 
on the other. Hence the whole alteration in the attraction is ^ivKp 
along the normal to the surface through the point at which the surface 
is crossed. 

For example, in crossing the surface of a uniform spherical shell the 
change in attraction is ^TTKp along the radius. This agrees with oui 
previous results, because the attraction just outside the sphere is 

ATTKOa^ 

-S- 

and the attraction just inside is zero. 

257. We shall now prove a few general theorems on potential. It 
will be necessary, first'of all, to define some of the terms we shall use. 

An Eqinpotential Surface for any attracting matter is a surface over 
which the potential is constant. 

A Line of Force is a line whose tangent at every point of its length 
is in the direction of the attraction at tliat point. 

A Tube of Force is a tube formed by lines of force drawn through 
every point on any closed curve. 

A Filament is an infinitely thin tube of force. 

If the attracting mass is a thin rod it has been proved that the equi- 
potential surfaces are a system of ellipsoids of revolution having their 
foci at the ends of the rod. It was also proved that the attraction at 
any point acts along the bisector of the angle between the lines joining 
the point to the ends of the rod. But, by a property of the ellipse, 
this bisector is perpendicular to the ellipse through the attracted point 
which has its foci at the ends of the rods. But a line which meets a 
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system of confocal ellipses at right angles is an hyperbola with the same 
foci. Thus the equipotential surfaces ate a system of confocal ellipsoids 
of revolution, and the lines of force are everywhere perpendicular to the 
equipotential surfaces, and they are a system of confocal hyperbolas in 
every plane containing the rod. 

258. The line of force through any point is perpendicular to 
the equipotential surface through that point. 

"J'he work done on unit mass by the attracting forces is /c.SV, where 
SV is the alteration in the potential in the displacement considered. 
Now let P and Q be two neighbouring points on an equipotential 
surface. In going from P to Q the change of potential is zero, and 
consequently the work done is zero. Let hs be the length of the 
straight line joining P and Q. Now the mean force along PQ is 

, , , 

= o absolutely ,••••• (1) 


Hence, when 8 s is infinitely small, 

d\ 


Is 


= o 


( 2 ) 


that is, the force along a tangent to the equipotential surface is zero. 
This is true for any tangent line to the surface. Since, then, the attrac¬ 
tion has no corniionent along any line in the equipotential surface, 
the resultant attraction must act along the normal to the surface. 
Thus the line of force through P is normal to the equipotential surface 
through P. 

259. If two very near equipotential surfaces be drawn, the 
force at any point between them is inversely proportional to the 
normal distance between the surfaces at that point. 

Let 8V be the difference of potential on the two surfaces, F the 
resultant force at any point P between the surfaces, S/2 the length of 
the line of force through P intercepted by the surfaces. 

Then the work done on unit mass as it is moved from the surface of 
lower to the surface of higher potential is k8V, But if the mass be 
moved along the line of force through P, this work is also F8/2. PTence 


FS/2 = k8V .. . (i) 

and therefore F = . kSV .(2) 


But 8V is the same for all positions of P, because it is the difference 
of potential between two equipotential surfaces. Hence at different 

^ I 

points F oc 

Thus, if a series of equipotential surfaces be drawn, by merely com¬ 
paring the closeness of the surfaces at different points we can make a 
comparison between the attraction at these points; the closer the 
surfaces the greater the attraction. 
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260. The force at differeat points of the same filament varies 
inversely as the area of the normal section of the filament. 

Let P and Q be two points on the same filament, F and F' the forces 
at these points, u and a the areas of the normal sections at P and Q. 

Then applying Gauss’s theorem to the closed surface formed by 
the normal sections at P and Q and the filament between these sections 
we get 

Fo- — F'<r' = o 

which proves the theorem. 

The signs are different because the forces act one along the inward, 
and the other along the outward, normal. 

261. Two equipotential surfaces at different potentials cannot 
intersect. 

If two such surfaces did intersect there would be two different 
potentials at the line of intersection. But this is impossible because 
the potential at any point is a single-valued function of the co-ordinates 
of the position, lb is clearly not possible for the potential of a single 

fit 

particle namely ~, to have two different values at the same point. 

It follows, therefore, that the potential of any number of particles can 
oi\)y have one value at any point. Hence two different equipotential 
surfaces cannot meet. 

262. If a closed equipotential surface contains no mass, the 
potential inside the surface is constant and equal to its value at the 
surface. 

If the potential is not constant within the given surface, then there 
is a system of closed non-intersecting equipotential surfaces within 
the given surface. Let Q be a point on any one of these surfaces. 
Now it is clear that, since the equipotential surface at which the potential 
is greater than at Q Ijes entirely inside or entirely outside the surface 
through Q, the force at this latter surface is everywhere along the 
inward normal or everywhere along the outward normal, for the direc¬ 
tion of the force is towards the surface of greater potential. That is, 
the component force N along the inward normal to the surface through 
Q has everywhere the same sign. But by Gauss’s theorem 

/N^S = o.(i) 

the integral being taken over this surface. Now since N has always 
the same sign, and cannot be negative, the only way in which (i) 
can be satisfied is by N being zero all over the surface. But the 
normal component to an equipotential surface is the resultant force. 
It follows, therefore, that there is no force inside the given surface. 
Hence no work could be done on a particle moving about in the 
interior of the surface ; that is, the work function, and consequently the 
potential, is constant inside the surface. 

The preceding argument verifies what we have already proved by 
direct calculation of the attraction, namely, that the force inside a 
hollow sphere is zero. 
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The result proved in this article is very useful in electrostatics. 
When a hollow conductor is charged with electricity the outer surface of 
the conductor is an equipotential surface, and the charge is on this 
surface. The electric charge, therefore, exerts no force inside the con¬ 
ductor, and the potential throughout the interior is equal to that at the 
surface. 

263 . Mutual Potential.—It may be proved by the method of Art. 
240 that the work done by the mutual attraction of two particles as 
they move from an infinite distance apart to a distance r apart is 


and this is the same whether only one particle or both particles move. 
The potential energy of the two particles may, therefore, be taken as 


But for the same reasons as we called — the potential of tn^ we shall call 

the Mutual Potential of the two particles. 

Now if three particles /?/£, W3, are at distances ri2, ^ 23 > ''ai? apart 
(the suffixes indicate which particles the distances refer to), the work 
done by their mutual attractions in coming from an infinite distance 
apart is 

M).(3) 

'12 '23 ' 

For, the work done in bringing and into position and leaving 
at infinity is 


and the work done on by the other two particles as is brought 
from infinity is the sum of the works done by each particle separately, 
namely, 

3^^2_3.(5) 

''13 


Thus the expression (3) is the total work done. 
We shall call the expression 


+ . . . (6) 

''12 '*23 ^31 

the mutual potential of the three particles. 

Now the potential at the position of due to and is 



V 1 = - r ~r * • * 

• • • 

. . (7) 


'12 '^is 



Hence 

Viwi = + -7;„ • 

« • • 

. . (8) 
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Consequently, if Vg and V3 are defined similarly to Vj, we get 

Vi^i + V2W/2 + VgWs = 2W.(9) 

Writing for the expression oti tiie left of equation (9), we may 

write the value of the mutual potential of the three particles thus 

VV =r \ENm .(10) 

The preceding investigation can be extended to any number of 
particles and equation (lo) will be true in all cases. V, it must be 
noticed, is the potential at /// of all the particles except m. We shall 
show in the next article that it makes no difference if we take V as the 
potential of all the particles not excluding ?n. To make the result 
apply to a continuous body, let d7n be any element of mass, V the 
potential of the whole body at that clement, then the mutual potential is 

.(11) 

264 . The potential of a particle of mass m at distance r from the 
particle is 



It seems that, if w’c put /' = o in this, we get an infinite value for V. 
But this arises from our assuming that a finite mass can occupy a point 
in space, which is clearly absurd. If vi is a finite mass it does not 
occupy a point, but a finite region of sj)ace. We can only get the true 
potential of any body, however small, by regarding it as made up of 
infinitely small particles and summing the potentials of all the fiarticles. 

We shall find the potential of a sjihere of radius r at its centre, and 
show that the limiting value of this iiotential when r = o is zero. 

Let the sphere be divided into thin concentric shells and let x and 
X dx be the radii of the inner and outer surfaces of one of these 
shells. If p is the density, the potential of this shell at its centre is 

477^2^.;^; 

pA --^— ~ j • . . . . (2) 

The potential of the solid sphere is therefore 

V = 47 rpJ xdx = 27 rpr*.(3) 

This is a finite \uantity for all values of f\ and it vanishes when r 
vanishes. 

It follows that the potential of any finite body at a point inside its 
mass is always finite. For, a sphere with its centre at the point can 
always be taken which shall extend beyond the boundary of the body, 
and since the potential of the sphere is finite that of the body must also 
be finite. Moreover, the potential of an infinitely small body with a 
finite density is infinitely small. Since tlie potential of an infinitely 
small portion dm of a finite body is infinitely small at any point, it is 






POTENTIAL AND ATTRACTIONS 


233 


clear that the potential at the position of dm, due to all the mass except 
dm, is the same as the potential of the whole, including dm. Hence, 
in equation (ii) of the last article, V is the potential of the whole body 
at the position of d77i. 

265 . Mutual Potential of a Solid Sphere.—We must first find the 
potential in a solid sphere at a distance r from the centre. 

Let |) be the density and a the radius. Suppose the sphere divided 
into thin spherical shells, and let x and x dx be the internal and 
external radii of one of these shells. 

If the given point is outside the shell of radius x, the potential at 
that point is the same as if the shell were concentrated into a particle 
at its centre. This being true for all shells to which the point is 
external, the potential of the solid sphere of radius r (that is, the sphere 
whose surface contains the given point) is 


|7rp;'3 

r 


iirpr^ 


(0 


When the point lies inside the shell the potential at the point is the 
same as at the centre. The mass of the shell is 47 Tpx^dx, and its 
potential at the centre is 47 Tpxdx, Hence, the potential of the hollow 
sphere with radii r and a is 

j 47Tpxdx = 27Tp{(I^ — ^2).( 2 ) 

The whole potential at the given point is the sum of the expressions 
in (i) and (2), namely, 

V = 27 rp(a^ - .(3) 


It is worth w’hile to get this potential in another way. 

If F is the attraction at a point inside the sphere at distance r from 
the centre, we know that 


F = K 


r2 ~ 


K . iTTpr 


• • (4) 


But also #c^-==—F .(5) 

Therefore V = - l^rpr^ 4- C.(6) 


Now, the potential at the centre of the sphere, obtained ly putting 
r = o in (2), is 27 rpa^. Hence C = 2 TTpa^. Therefore 


V = —I'TTpr^ + 27 Tpa^ 

which agrees with (3). 

The mutual potential is 



(7) 


w 


( 8 ) 
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The mass at distance r from the centre is the shell \TTpr^dr. This 
is the dm in (8). Hence 


W 


= 11 - 

J O 


lr^)^7Tpr^dr 


(9) 


If M is the total mass of the sphere, this can be written ' 



M2 

a 


(jo) 


We can arrive at this result by direct calculation of the work done in 
bringing the mass from infinity. 

Let us suppose that at first the mass was in the form of a uniform 
spherical shell of infinite radius. The mutual i)Otential of such a shell 
would be zero, because there is no finite mass in a finite space. Now 
suppose the sphere is formed gradually by attracting from infinity one 
thin shell at a time. When the sphere has grown to a radius r, the 
potential at its surface is ^TTpr^, The work done in bringing a mass m 
from infinity to the surface of this sphere will therefore be K-npr^rn. 
Hence the work done in bringing up the next shell of mass ^TTpr^dr is 


r^KTTpr^, 47rpr^dr ^^KTT^ph'^dr . . . . (ii) 

Thus the whole work done in bringing the sphere together is 

—KTT^p- 1 r^dr = \~KTr^p-a^ .( 12 ) 

J 0 

Since the work is also /cW, this gives the same value for W as in (9). 

266 . Mutual Attraction between Two Parts of the Same Body, 
—The problem of finding the mutual attraction between two parts of 
the same body is, in all except a few simple 
cases, too difficult to be included in this 
book. The following theorem will be useful 
in many cases, 

' The attraction between two parts of the 
same body is the sa^ne as the attraction of the 
whole on one part. 

If the two parts be denoted by A and B, 
the attraction of the whole on B is the attrac¬ 
tion of A on B, together with the attraction 
of B on itself. But, obviously, the resultant 
attraction of any body on itself is zero. 
Hence the theorem follows. 

As an example we will find the attraction between two portions of a 
solid sphere divided by any plane. 

Let p be the density and a the radius of the sphere. Let CD be 
the intersection of the dividing plane with the plane of the paperi OE 
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the radius perpendicular to the dividing plane. Let OF = ON = x, 
OF = n The attraction at P is along PO, and its magnitude is ^KTTpr; 
the component of this parallel to EO is f^Knpx. Thus the component 
attraction parallel to EO at every point in the plane through N perpen¬ 
dicular to EO is the same. Since the resultant attraction is along EO, 
the attraction on the whole disc between x and x dx is 

^KTTpX . 7Tp(a^ — x^)dx = 7^7T^Kp^X({J^ ~ X^)dx . . (l) 

Hence the mutual attraction is 

f x(a^ — x^)dx=~7T^Kp‘^{a^ — b'^)^ • . • • (2) 

J b 


EXAMPLES ON CHAPTER XI 


1. Let AB be a thin uniform rod, and C a point without it. Show that 
the potential of AB at C depends only on the angles of the triangle ABC and 
on the density of AB per unit length. 

Let O be a point within a triangle ABC, and let DEF be the triangle 
formed by joining the feet of the perpendiculars dropped from O on the 
sides of the triangle ABC. Suppose that the sides of the triangles represent 
uniform rods, all of the same density per unit length. Show that the sum of 
the potentials of AB, BC, CA, at O, and the sum of the potentials of DE, 
EF, FD, at O, are equal. (^Board of Educationy IJofwurSy 1905.) 

[The potential of AB at C, required in the first part of the question, is 

/cosec A + cot A\ “1 
P %«^cosec B — cot B/ J 

2. Investigate the attraction of a thin homogeneous circular plate of 
radius dr at a point which is at a perpendicular distance c from the centre of 
the plate. Remark upon the cases 

(i) a infinite, c finite. 

(ii) a finite, c infinitesimal. 

{Board of Education^ Stage Ill.y 1906.) 

[In both cases F = 27rKp, as for an infinite plate.] 


3. Two thin circular discs with radii a and and masses M and m, have 
a common symmetrical axis, and the distance between their planes is very 
small compared with the larger radius a. Show that the attraction of either 
on the other is approximately 


4. Show that the attraction between a thin circular ring, of radius a and 
mass M, and a thin rod of mass m and length I lying along the axis of the 
ring, is 

I_I \ 

rg/ 

where ri and r2 are the distances of the ends of the rod from the circumference 
of the ring. 

5. Prove that, if the earth were homogeneous throughout, the decrease in 

gravitational attraction as one rose through a certain height in a balloon 
would be approximately twice the decrease as one descended an equal depth 
in a mine. (London B,Sc,, 1910.) 
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6. A thick shell of uniform density is bounded by spherical surfaces 

which are not concentric : prove that the attraction in the internal cavity is 
uniform in magnitude and direction. {London B.Sc,^ *905.) 

[If d is the distance between the centres, the attraction is f^Krrpd 
parallel to the line joining the centre of the inner, to the centre of 
the outer, surface.] 

7. If the density at distance r from the centre of a sphere of radius a is 


being constants, find the attraction and potential at 

the same distance. 


and 


8 . Find the potential of a solid homogeneous sphere of mass M inside 
and outside its mass. 

If the mass remains unaltered but its density, instead of being uniform, 
varies as the distance from the centre, show^ that the potential is unaltered 
at external points, but that, at an internal point at distance r from the centre, 
it is diminished by 

- r)^(a + 2r) -i- 6a^ 

{London B.Sc ^ 1911O 

9. Define the potential of a given mass at a given point. Also define an 
equipotential surface. 

If the attracting mass consists of two equal particles at A and B, 
separated by a distance the surface will be formed by the revolution of a 
curve about AB : find the equation to this curve. 

Certain of the equipotential surfaces will consist of a pair of ovals, one 
round A and the other round B. Find the condition for oval curves. 

{Board of Education^ Honours^ 1907 ; slightly altered.) 

Uf r and r' are the distances of a point from A and B, one form of the 

equation to the equipotential surfaces is ^ ^ « (a constant). 

The condition for a pair of ovals is « > 4.] 

10. A quantity of matter, attracting according to the law of nature, is 
uniformly distributed on the circumference of a circle. Prove that the chord 
of contact of tangents drawn from an external point divides the mass into 
two parts having equal potentials at the point. 

(Board of Education.^ Statue ILL., 1908.) 

11. If a solid sphere is cut by a plane show that the component, per¬ 
pendicular to the plane, of the attraction of the whole sphere is the same on 
every unit mass in the plane section of the sphere. 

Prove that the attraction between a portion of a solid sphere bounded by 
two parallel circular sections of radii y and {y -b dy) and the rest of the 
sphere is ^Kn^p-y^dy^ p being the density of the sphere. 

[If jr and {x + dx) are the distances of the planes from the centre, 
note that ydy ~ — xdxl\ 

12. A uniform solid sphere of mass M and radius a is cut in two by a 
diametral plane. Show that the resultant attraction between the two 
halves is 

{London 1908.) 

[Use the result for the attraction on a disc in the preceding question.] 
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13. If M denotes the mass and a the radius of a solid homogeneous 
sphere, prove that the attraction between two portions of it divided by a 
plane section of radius / is 

3 /cM2j/4 

16 ’ 


14. If half the mass of the earth were concentrated in an infinitely thin 

uniform external crust, the other half being symmetrically distributed through¬ 
out the interior, show that at the centre of a relatively small circular gap in 
the crust the intensity of gravity would be less than its actual value by one- 
fourth. {{London B.Sc., Honours^ 1908.) 

15. Show that a uniform thin spherical shell exerts no attraction on a 
particle inside the shell. 

Show that the attraction at the centre, of any portion cut off by a plane, is 
proportional to the area of the section. {London B.Sc.^ 191 !•) 

16. Show that the attraction between the two halves of a spherical shell 
of surface density cr and radius r is 2K'jT^a^r^, 

Show also that the attraction between two portions divided by a small 
circle of radius x is 2KTT^cr-A ^. 

17. A spherical conductor, made up of two luMiiispheres, is fdcctrified to 
potential V ; show that the two halves repel each other with a force J 

(London Inter. Sci., Honours, 1900.) 

18. Let AB be a diameter of a spherical shell of uniform surface density. 

Show how to draw a plane at right angles to AB which will divide the surface 
into two parts such that their attractions on the mass just surrounding A 
shall be equal. (Board of Rducatio?i, Honours^ 1910.) 

[The plane cuts AB at C such that AC = JAB.] 

19. Find the potential at any point of the axis of a thin hemispherical 
shell. Show from the result that the resultant attraction at points on the axis 
is always towards the pole of the hemisphere ; and verify that the attractions 
on the two sides differ by 47rK(r, where o- denotes the surface density. 

(London Inter. Arts, Honours, 1904.) 

[At distance or from the centre of the sphere the potentials are 

a)} 


the upper sign applying to the concave side, and the lower to the 
convex side of the shell, a denotes the radius.] 

20. A uniform spherical shell of radius a and mass or per unit area is 
divided into two portions by a circle of radius r. Show that either portion 
would attract unit mass at the centre of the circular section with a force 

a 

2'TTKO' —. 

a •¥ r 

21 . If the axis of x be taken along the axis of a disc of radius a and density 
or per unit area, show that the force exerted on unit mass at the origin by 
the disc, whose centre is at x, in the positive direction along the ;i-axis, is 

27rK(r|^ + i|, the upper or lower sign being taken according as 

X is positive or negative. Thence, or otherwise, prove that the attraction 
of a solid cylinder at a point on its axis inside the cylinder and distant d 
from the nearer end is 

2TTKp[ / — 2// — V(/ ~ 4- 4* 

I being the length, r the radius, and p the density. 
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22. A right cone of semi-vertical angle a and length h attracts a particle at 
its vertex. Prove that the force of attraction is proportional to the length of 
the axis. 

Find an expression for the attraction at any point of the axis. 

[Board of Education^ Honours^ 1906.) 


|^27rK/)^^ ^ [d — p) cos- 


a — / sin2 a COS a log 


h sec 


a 4 -^ cos a "k- dl 
^(i+cosa) 3 


for a point at distance p above the vertex, d is the distance of 
the point from the rim of the base.] 

23. If a cone of any form cuts a number of parallel planes, all of which are 
covered with the same uniform distribution of matter, cr per unit area, show 
that the attraction, at the vertex of the cone, of the portion of each plane 
included in the cone, is the same ; and prove that the component of this 
attraction perpendicular to the planes is kctcv where a> is the solid angle of 
the cone. 

24. Prove that the component, perpendicular to the base, of the attraction 
at the vertex of a frustum of a cone (of any form) bounded by a plane 
parallel to the base, is equal to the density, in gravitational units, multiplied 
by the height of the frustum and the solid angle of the cone. 

(^London Inter. ArtSy Honour5^ 1900.) 

[If the density is expressed in gravitational units the gravitation 
constant is unity.] 

25. Show that the attraction of an indefinitely long thin strip of matter of 
breadth a and superficial density p, at any point P, resolved perpendicular to 
the plane of the strip, is 2Kp0, where 6 is the angle between the planes 
through P and the edges of the strip. {London B.Sc,, Honours^ 1908.) 

26. Show that the attraction of an infinitely long prism, whose section is 
an isosceles triangle, at the vertex of a section infinitely distant from both 
ends, is 2Kp/id, where h is the height of the section, 0 being the angle 
between the equal sides, and p the density of the prism. 

27. An infinitely long prism of density p has a rectangular section with 
sides a and if. Show that the attraction at the mid-point of one of the sides 
of length ^ of a section infinitely distant from both ends, is 




where 9 = tan-i 

2a 

What does this become when b becomes infinite? 

\2iTKpaI\ 

28. A hole, bounded by the circle r = a, is cut in a uniform lamina of 
uniform surface density <7 whose edge is bounded by the curve r = be ; 
prove that the attraction at the origin is Tryor, where y is the constant of 
gravitation. 

Prove that if the edge of the lamina is r — /{d)j and the edge of the hole 
is r = where is a constant, the attraction at the origin is zero. 

{London B.Sc.^ 1908.) 

29. From a circular plate of radius a circular hole of radius is cut, 
the circles having a common tangent. Show that the attraction of the 

remainder at the point of contact of the common tangent is 2#cp log p being 

the mass per unit area. 
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30. From a uniform triangular plate of height h a triangular piece of 
height is cut away by a line parallel to the base. Show that the attraction of 

h 

the rest at the vertex of the triang le is 2Kp sin a log - acting along the bisector 

r 

of the vertical angle, 2 a being the magnitude of ihh angle. 

31. Prove that the attraction of a rectangular lamina with sides 2a and 
at a point distant r from the lamina and on the line perpendicular to its 

plane through its middle point, is 

V(.r2 + + /;2) 


32. Show that the work done in collecting the particles of a body from 
infinity is the integral IjVdm taken throughout the body, V being the 
potential at the position occupied by dm. 

A sphere of radius a has a total mass M, and its density is proportional 
to the distance from the centre. Prove that the work gained in redistributing 
the mass (the radius still remaining a) so that the density is uniform is 



{London B,Sc.^ Honours MatJis.^ J909») 

33. Define (i) potential, (ii) tubes of force, and prove the fundamental 
property of a lube of force. 

If the lines of force are circles whose centres are at a fixed point 0 and 
whose planes pass through a fixed line OA, compare the intensity of force at 
two points in free space which lie on the same line of force. 

{London Applied Maths, subsidiary to Honours Physics.) 

[If P and Q arc on one line of force 

Force at P _ sin AOQ 1 
Force at Q " sin AOP'J 



PART II 

DYNAMICS OF A PARTICLE 


CHAPTER XII 


KINEMATICS 


267 . In accordance with the definition of speed in Chapter I., a particle 
which has moved through s feet in t seconds along any path whatever, 
ds 

has a speed - • call this the velocity of the body if we re- 

at 

member that it is really only the magnitude of the velocity, and that 
something more is needed to fix the velocity, namely, the direction of 
the motion. 

A velocity, like any other vector, can be resolved into two com¬ 
ponents parallel to any two lines in its plane, or into three components 
parallel to any three lines in space. If mutually perpendicular axes 
OX, OY, OZ, be taken, and the co-ordinates of a moving particle are 
z, at any instant the components of its velocity parallel to these 

, • dx dy dz . , , , , , . . 

three axes are The magnitude of the resultant velocity is 

easily seen from a figure to be 

vVKSTASA©! • • ■ • <■) 

^ dz 

If the motion is confined to the plane XOY, then = o, and 
therefore 

V .W 


For a particle moving in thre-e dimensions the component accelera- 
. d^x d^y d^z 

tions are and resultant acceleration is, therefore, 




(3) 
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This is not obtained -as might have been expected at first—by 
difterentiating the velocity V with respect to time. For that differential 
coefficient will only give the rate of increase of the speed, and it was 
pointed out in Art. 27 that the velocity of a particle may be changing 
while the speed remains constant. The rate of increase of the speed, 
. dY . 

that is, will only be equal to the acceleration when the particle is 

travelling in a straight line. In all other cases it will be less than the 
resultant acceleration. 

268. ComponentB of Velocity and Acceleration in any Direction. 
—Since we shall have very little occasion to refer to motion in three 
dimensions, we shall suppose that the motion is confined to the xy 
plane. Let u and be the components of the velocity of the particle 
parallel to the axes at time /. Then 


u = 


dx 

dC 



(i) 


The component velocity parallel to a line inclined at 9 to the axis 
of X is equal to the sum of the components of u and v parallel to this 
line. The velocity is, therefore, 


ti cos 6 + V s\n 6 =: cos ^ 4 - sin 9 


. . (2) 


Similarly, the component acceleration parallel to the same line is 


d^x ^ , d-v . . 

J /2 COS 0 + - 2 YZ sin 9 


(3) 


If the given line along which the acceleration is required is parallel 
to the velocity, it is easy to see that 


cos 9 = 


-f Z'2)’ 


s\n 9 = 


• • (4) 

Hence, the component acceleration along the line of motion is 


dKx 




d^y 


( 5 ) 


d^x du , d'^y drf , - . 

Since ^,2 = ^ acceleration 

I (du d7\ 

dt) ' ' 


— ~ - u.liva -fS = “T7j lilAS may be written thus, 

dt^ dt dt^ dt 

• • • (6) 

• . . (7) 


But since the speed is 


we get on differentiating 
dt 


Y=^{u^ + v^). . 

I dv\ 

- + z3!)V*<7/ + ^dt) ■ 


. ( 8 ) 
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which is the same expression as in (6). Hence, the component accelera- 
tion along the line of motion is the rate of increase of the speed. 

The acceleration has generally another 
component perpendicular to the direction 
of motion. We shall show what this is a 
little further on (Art. 272). 

269. Inclined Axes. —It will some¬ 
times be convenient to use co-ordinate 
axes which are not perpendicular to 
each other. Let the axes OX, OY, be 
inclined at an angle cu, and let u and v 
be the component velocities parallel to 
these axes. From the figure it is clear 
that 

V 2 = 4 - 2UV cos CU (l) 

Also, the angle 6 ^ which V makes with OX, is given by 

. r, . z/ sin a> . v 

sm u = V? sin oj == —^ -r . . (27 

V V (r/2 -f 7/2 4_ 2U2’ cos a>) 

The component velocities and acceleration are derived from the 
co-ordinates (or displacements) in exactly the same way as when the 
axes are at right angles. Thus 



dx 
'' ~dP 


dt 


(3) 


And the component accelerations are 

du ^ d^x 
Tt'^'dt^ 
dv d^y 
dt ~dt^ 


and 


(4) 


270. Rate of Changre of any Vector.—Let OP, OQ, in Fig, 144 , 
represent a varying vector at times t and (/ -f the magnitudes at 


O 



these instants being V and (V -f dV) respectively, and let the angle 
between them be d^^ as shown in the figure. The component of the 

vector OQ along OP is OQ cos dj>^ and consequently the increase of 
this component in the interval dt i% 
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OQ cos - OP = (V + ^AO cos ~ V 

= dN cos ~ V(i — cos d(f>) 
Therefore the rate of increase of this component is 

lim dV cos d<h—Y(i —cos dS) .. ,, dY 

cos dcf, 

__dY 

" dt • • • 

because 


‘“V#- 


-cos 


d<f> 

(I) 


I — c os d(f) d<f> {dj>y 


+ 


which has clearly a limit zero when is zero, and the limit of cos d(f> 
is I. So the rate of increase of the vector V in its own direction is 
dY 

merely . This is easy to remember since it is exactly the same as 

if the vector had no rotation. For example, the acceleration of a par- 

. dY 

tide moving along a straight line with velocity V is , and what we 

have just found is that the component acceleration in the direction of V 
dY 

is still even if the path is curved, and even if the path is not in one 
plane. 

Again, the component of OQ in the direction perpendicular to V 
and in the plane OPQ is OQ sin d<f), and, since this component was 
zero at time the rate of increase of this component is 

lim (V + dY) sin d(l> lim V + sin def, def, 
dt^o dt —dt-^o Y * ^ ■ 

r 


d(f> 


dt 


: V 


dt 


(2) 


This component rate of increase of V is in that direction perpendicular 

to V in which the arrow head of the vector OP is travelling due to the 
rotation of the vector, the other end of the vector always passing through 
O. That is, we imagine a plane drawn perpendicular to the vector 
OP through the point P, and as the vector rotates with the end 0 fixed, 
the line of the vector (produced if necessary) cuts this plane in a line, 
curved or straight. Then the last component is along the tangent to 
this curved or straight line at P. 

If the vector remains in one plane there are only two possible ' 
directions perpendicular to V that the component ( 2 ) could have. 
The rule we have just given makes it clear in which of these two direc¬ 
tions V is increasing. 

Observe that the component rate of increase of V perpendicular 
to itself is the product of V and the angular velocity of V. 

The total rate of increase of V is, of course, the resultant of the two 
vectors in (i) and ( 2 ). 

It is useful to remark that all the arguments in this article apply 
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equally well to a vector which does not pass through a fixed point. 
The rate of increase of a vector depends only on its successive mag¬ 
nitudes and directions and not on its lines of action. * 

271. Tangential and Normal Accelerations.—We shall use the 
result in the last article to find the component accelerations, along and 
normal to the velocity, of a particle describing a plane curve. 

Let V denote the velocity when the particle is at a point P of its 
path and let 0 denote the angle which V makes with a fixed line OX 
in the plane of motion. Now we can apply directly the results of the 
last article. Thus, since the rate of increase of the vector V is its 



Fig. 145, Fig. 145 (r/). 


acceleration, the component accelerations in the direction of V and 
perpendicular to V are respectively 

tangential acceleration — ^, 
normal acceleration = V . 


This latter component is in the plane of motion and towards the 
centre of curvature of the path at P, the point indicated by C in 
Fig. 145 . We can put the latter component in a different, and more 
usual "(but not always more useful) form. Thus suppose ds is the 
length of arc described by the particle in time dt^ so that ds and difj 
are corresponding increments, then 

dt ds ' dt ds ” R 


where R is the radius of curvature of the path at the point P. Probably 
the simplest way of defining radius of curvature is by the expression 

^; but if any other definition be taken it can be proved that it amounts 
to the same thing. Consequently, the normal acceleration is 
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and its direction is along the radius of curvature towards the centre 
of curvature. 

If the path is a circle of radius r then the radius of curvature is 
r at every point of the path, and the two component accelerations are 
along the tangent and along the inward-drawn radius. 

If the velocity V is constant in magnitude there is still an accelera¬ 
tion provided that the path is not straight, and this acceleration is 
entirely perpendicular to the velocity. 

272. Radial and Transverse Velocities and Accelerations. —Our 
object here is to express the velocities and accelerations of a particle 
moving in one plane in terms of its polar co-ordinates r and 

Let P be the position of the particle at any instant, and let OP be 
denoted by O being the fixed pole. Then the change of the vector 

OP in any interval of time is the displacement of the particle in that 

interval, and consequently the rate of change of OP is the velocity of P. 
Then, by Art. 270, the components of the velocity along and perpen¬ 
dicular to OP are 

dr 

radial velocity ~ ^ ^ 

, . dd 

transverse velocity = r y: ~ ^ say, 


this latter component being in the direction PQ in Fig. 145 (^d). 
To get the components of acceleration we need only find, by the same 
method, the rate of change of the two vectors u and v. Now the com 
ponent rates of increase of u are 

— along OP, and along PQ. 

at at 

Also the component rates of increase of v are 

^along PQ, and along PO. 

Thus the total components of acceleration are 
du 

It 


along OP and ^ along PQ. 

at dt dt 


dt 

On substituting for u and v in these we get: 

d^r 


radial acceleration == ^ — r\^ j 


dO^^ 


transverse acceleration 






dW , 

- ~JjO " 4 “ ^ 


dt^ 
id / 
'rdk 


dr dd 
~di~dt 
dr dd 
dt dt 


‘ dt) 


If 0 does not vary, that is, if the particle is travelling along the 
straight line OP, then the transverse acceleration is zero and the 
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d^r . . . . 

radial acceleration is just > which is obviously right for straight-lme 

motion. 

Again, if B is varying and r is constant, that is, for motion in a 
circle with the pole as centre, then the radial acceleration reduces 
/dB\^ . . z/2 . 

to —> which is equal to —— . This component acceleration 

is normal to the path and is precisely the same as the normal com¬ 
ponent in the last article. Thus we see that the two terms in the radial 
acceleration are merely the sum of the two terms we should get, (i) by 
treating 6 as constant, and (2) by treating r as constant. 

There is no simple or intuitive rule for the transverse acceleration ; 
but we shall later find that it can be expressed easily in terms of 
moment of momentmiL 

273 . Accelerations in a Rotating Plane.—We shall ndt deal with 
the general problem of accelerations of a particle relative to moving 
axes, but we shall consider one or two simple cases. 

Suppose a particle moves in a plane which rotates with a given 
angular velocity—not necessarily constant—about a fixed line in the 

plane. We want to express the 
true accelerations in terms of 
the accelerations relative to the 
rotating plane and the angular 
velocity of the plane. 

Let the fixed axis be taken as 
j'-axis, and let the .^c-axis be per¬ 
pendicular to this and in the moving 
plane. OX is taken in the plane 
of the paper, and OY is perpen¬ 
dicular to the plane of the paper. 
Let P denote the particle, and F 
its plan on the plane of the paper. 
P' and P are, of course, represented 
by the same point in the figure. The distance of P above the plane of 
the paper, that is, the length of PF, is y; and OF = x, 

d^ y 

The acceleration of P parallel to OY is clearly , because this is 
not affected by the rotation. 

The acceleration of P parallel to the plane of the paper is the same 
thing as the acceleration of its plan F. Now, by Art. 271, the compo¬ 
nent acceleration of P' along OX is 



d^x jdBV 
dt^ ^dt) 


d^x 

di^ 


— XU)^ 


(I) 


where co is written for the angular velocity of the plane XOY. 

The acceleration of P' perpendicular to OX and in the plane of the 
paper is, by the same article. 




W 
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If the plane were not rotating, the component accelerations parallel 
to OY and OX would be merely 

d^y d^x . . 

dfi dfi . 

and the only difference in these components when the plane rotates is 
that the second acceleration is diminished by which is the accelera¬ 
tion due to the rotation alone without any other motion. There is, in 
addition, the acceleration (2) 
perpendicular to the rotating 
plane. 

274. Axes rotating about 
an Axis Perpendicular to 
their Plane. — Suppose the 
axes OX, OY, to which the 
position of a moving particle 
is referred, are rotating about 
an axis through O perpen¬ 
dicular to their plane with a 
constant angular velocity a>. 

To find the true acceleration 
parallel to the instantaneous 
positions of the axes. 

Let a pair of perpendicular 
axes OX', OY', be taken fixed in space and in the plane of the rotating 
axes, and let the co-ordinates of the particle referred to these axes be 
Then 

y = cos 0 -f-sin ^.(i) 



dy' dy 


- j sin . a> -I- ^ sin ^ -f a: cos Q . a» 


d^y dy 

'TjIo == 5:5 cos 0 — 2 ; sin 0 .0) — y cos d. 


dt 

d^x dx 

+ sin ^ -j- 2 “ cos 0 ,co — X sin 0 . 
d^ dt 


(2) 


(3) 


dy . 


Now is the true acceleration parallel to OY'. Hence by taking 
OY' along OX and OY in turn, we shall get the true accelerations 

TT 

parallel to these lines. Thus putting 0 = - in (3), we find 
d^x dy du 

acceleration along OX = -~-xco^—2w-^ = --- - 2a>z; 

dt^ dt dt 

and putting 9 = o, 

dx dv 

acceleration along OY = 2W— = — — j'a>24-2co// 

where u and v are component velocities relative to the rotating axes. 


(4) 


(5) 
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276. Accelerations and Velocities relative to Axes which move in 
their Plane without rotating. 

Let fixed axes 0 'X\ O'Y', be taken parallel to the moving axes OX, 
OY. Let the co-ordinates of O relative to the fixed axes be 7;, and 
let the co-ordinates of the moving particle relative to the fixed and 
moving axes respectively be (.r', y') and (x, y). Then 



= s + .V . . . 

. . . 

• • 

• (0 


y = v+y- • • 

. . . 

• * 

. ( 2 ) 

Differentiating these twice 

in succession. 





Ix dx 

dt ~~ dt~^ di ' 

. . . 

• ' 

• ( 3 ) 


dy dr] dy 

dt “ dt lit' ‘ ' 

. . . 

• • 

. ( 4 ) 

and 

(Fx Fx 

'~~ ~dF'^lF’^YF ' ' 

, . . 

• • 

• (5) 


d\y d^T] d^y 

. . 

. . 

• (6) 


The quantities on the left of equations (3) and (4) are true velocities 
of the moving particle parallel to the axes, and the quantities on the 
left of (5) and (6) are true accelerations of the moving particle. Our 
equations tell us that the velocity of the moving particle is the resultant 
of the velocity of O relative to the fixed axes and the velocity of 
the particle relative to the moving axes. Likewise the true acceleration 
of the moving particle is the resultant of the acceleration of O and the 
acceleration of the particle relative to the moving axes. 

276 . As an example of relative motion, suppose a wheel rolls at a 
uniform rate on a level surface and in one plane. To find the velocity 

and acceleration of a point on its 
rim. 

Let r be the radius and co the 
angular velocity of the wheel. 
The velocity and acceleration of 
P are required. Let the line of 
motion of the centre be taken as 
the axis of x, and a line through 
the centre perpendicular to this 
as the axis of The velocity of 
O is clearly rcu, for in one second 
the wheel turns through <0 radians, 
and, since there is no sliding, 
the wheel moves forward rcu. Now the velocity of P relative to the 
moving* axes is also no, and its direction is perpendicular to OP. 
Hence the true velocity of P is the resultant of rcj in a horizontal 
direction, and no perpendicular to OP, that is, along the tangent This 
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resultant makes equal angles with the horizontal and the tangent at P, 
and consequently it makes equal angles with the lines MN and OP, 
which are respectively perpendicular to the horizontal and the tangent 
at P. Hence the line of the resultant passes through the end N of the 
vertical diameter. Also, since the tangent at P makes an angle 0 with 
the horizontal^ the magnitude of the resultant velocity is 

e 

2/0). cos - = MP . .(i) 

2 ' ' 

The preceding could easily have been proved by making use of the 
fact that M is the instantaneous centre of rotation of the wheel. 

The acceleration of the point P is the acceleration of P relative to 
the axes through O combined with the acceleration of O. But the 
acceleration of O is zero. Hence the 
acceleration of P is just the same as if 
the wheel rotated without moving forward. 

Its acceleration is therefore ro)^ along PC. 

277. Acceleration of the Point of 
Contact of a Circle rolling on a Fixed 
Circle. 

Let O and C be the centres, r and R 
the radii, of the rolling and fixed circles 
respectively. Let A be the point ot 
contact of the rolling circle with the 
fixed circle. OY, OX, are a pair of axes 
which move with O, but keep their direc¬ 
tions always parallel to the original 
position of OC and the tangent to the 
circles at A. That is, the directions of 
the axes remain fixed while their inter¬ 
section O describes a circle of radius 
(R -f- r). 

The point A describes a circle ,49, 

relative to the moving axes OX, OY, 

and the point O describes a circle in space. If co is the angular velocity 
of the rolling body, the component accelerations of A relative to the 
moving axes are 

— parallel to OX.(i) 

and ^'0)2 parallel to OY. (2) 

We have now to find the angular velocity of CO. Suppose that after 
an interval S/, B comes in contact with D. Then, on account of 
rolling, 

.(3) 

But when B comes in contact with D, the radius BO will lie along CD. 
That is, OB will have turned beyond the vertical by an amount 00. 
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Hence the rolling circle will have turned through 89 + 8 <l> from the first 
position. But in 8/ this circle will turn through cuS/. Hence 

S6 + 8(f> = coSf .( 4 ) 

From (3) and (4) we get 

(R + r)8<f> = rojSf .( 5 ) 

5=r+>. 

This is the angular velocity of CO. Hence the accelerations of 
O are 

(R + parallel to OX ... (7) 

and — (R + parallel to OY . (8) 

Adding the accelerations of O and of A relative to the moving axes, 
we find that the true component accelerations of A are 

^CD doj . 

r — r -,T = o parallel to OX.(o) 

dt dt , 

Rr 

and — - 0)2 4- parallel to QY . . (lo) 

K + K -f” ^ 

If the fixed and rolling curves are not circles, the results just 
obtained will be still true, provided we put the radii of curvature of the 
two curves at the point of contact instead of the radii of the circles 
For it can be shown that every step in the argument leading to equations 
(g) and (lo) would apply equally well to any two curves if radii of curva¬ 
ture were substituted for the radii of the circles. 

278 . A circle of radius r rotates about a diameter with constant angular 
velocity cu, and a particle moves at a uniform raie round the circle. To 
find the acceleration of the partick. 

Let the axis of rotation be taken as axis of and a perpendicular 
diameter as axis of just as in Art. 273. 

Let n be the angular velocity of the particle in the plane of the circle. 
If the plane were not rotating, the accelerations parallel to the axes OX, 
OY wdiild be merely the components of the normal acceleration rn^. 
This gives components 

— and —.(i) 

parallel to OX and OY respectively. 

Owing to the rotation the acceleration parallel to OX is diminished 
by Hence the whole acceleration parallel to OX is 

— 4. 0)2) ....... (2) 

There is also an acceleration perpendicular to the plane whose 
magnitude is 

I « V 


dx 
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If / is measured from the instant when the particle was on the .r-axis, 
we have, for positive rotation, 


Therefore 


X ^ r cos nf 1 
= r sin J 
dx 

-=-„rsmvt= -„y 


(4) 

(5) 


Hence the three accelerations parallel to OX, OY, and perpendicular 
to the plane, are respectively, 

and —2y’iixi .... (6) 

279. Acceleration of th§ end of a string unwinding from a convex 
curve. 

A string is unwound from a convex curve and held tight during the 
process. To find expressions for the accelera¬ 
tions along and perpendicular to the string. 

It is clear that during unwinding the string 
is always tangent to the curve. If, therefore, 

P and Q are two neighbouring points on the 
curve described by the end of the string, the 
angle Scf) between the tangents at P and Q, 
being equal to the angle between the normals 
at P and Q, is equal to the angle between the 
lines of the string at P and Q. Hence, if v is 
the velocity at P, the tangential acceleration is 

dv 

'di ' 

and the normal acceleration is 
ds 


ds d<f) d<l> 
^ dt ds '^ dt 


(0 


(2) 


and if the length of Vp is /, the velocity of P is 



dt 


(3) 


This makes the expressions for the tangential and normal accelerations 
become 



(4) 


respectively. 

280 . The Hodograph. —If vectors be supposed to be drawn from a 
fixed point to represent the velocities, at every point of its path, of a 
particle describing a plane curve, the ends of these vectors will lie on 
a curve, and this curve is called the hodograph of the moving point. 

The end of the vector representing the velocity at any point P of 
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the path of the moving particle is called the point on the hodograph 
corresponding to P. 

The important property of the hodograph is that the velocity of the 
corresponding point is the acceleration of the particle. This we shall 
now prove. 

Let P and Q be two very near points on the path of a moving 

particle; 0 / and Oq represent the velocities at P and Q. The points p 
and q are therefore on the hodograi)h, with O as })ole. Let ht be the 



interval of time from P to Q. Now the velocity at Q is greater than 
the velocity at P by the vector 

Oq — Op = pq 

that is, the velocity added in the interval ht is represented in magni¬ 
tude and direction by pq. Since acceleration is increase of velocity 
per second, the acceleration of the particle is the vector 

r 

which is the velocity of the corresponding point in the hodograph. 
Thus the magnitude and direction of the acceleration of the moving 
particle are the same as the magnitude and direction of the velocity of 
the corresponding point in the hodograph, provided, of course, that 
unit velocity is represented in the hodograph by unit length. 

From what we have just proved it follows that the tangential and 
normal accelerations of the moving particle are the same as the radial 
and transverse velocities of the corresponding point in the hodograph. 
Thus the radial velocity in the hodograph is 


dv 

dt 


(X) 
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and the transverse velocity in the hodograph is 

dijj difj ds 

dt ds dt p 


(2) 


where ds and p refer to the path of the particle. 

Example. —The hodograph of a particle describing a circle of 
radius r with constant speed is another circle of radius v. Also the 
corresponding point in the hodograph moves with uniform speed. 

Since the two circles are described in the same time 


speed ill hodograph radius of hodograph 7/ 

V r ~ r 

7J^ 

Hence the speed in the hodograph is —, and this speed is the normal 

acceleration of the particle in its path. 

281. Hodograph of the motion of the end of a string unwinding 
from a circle. 

A string is unwound from a circle and the free part is kept tight. 
I'he hodograph depends, of course, on the rate of unwinding. Let us 




suppose, in the first instance^ that the straight portion of the string turns 
with constant angular velocity. 

If a is the radius of the circle and co the angular velocity of the 
straight piece of string, the velocity of the end when a length aO has 
been unwound is aO . co. I'hus the velocity at Q is PQ. co, and the direc¬ 
tion of this velocity is perpendicular to PQ, that is, parallel to CP. 
Hence 0 />, which represents the velocity at Q, is parallel to CP. The 
polar equation of the hodograph is therefore 

r = acodj 

a “ spiral of Archimedes." 

If, instead of taking the angular velocity of the string constant, we 
had taken the linear velocity of the end constant, the hodograph would 
have been a circle with pole O at the centre. Indeed, whatever path 
a particle describes, if it moves with uniform speed the hodograph of 
its motion is a circle. 
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282. From the equations of the path of a particle and tht 
hodograph of its motion to find its acceleration. 

The velocity at any point P of the path is given at once by the 
radius vector of the hodograph which is parallel to the tangent at P. 
I'hen the component acceleration of the particle along the inward normal 

at P is where p is the radius of curvature at P. 

Again, if be the angle between the tangents at P and at a point 
ds iurther along the curve, the acceleration along the tangent is 

dt^ ^ dv d^ ds ^dv 1 

dt axjj ds dt {fifj p ^ . 

But V and 0 are the polar co-ordinates, r and S, of the point of the 
hodograph corresponding to P. We may therefore write for the tan¬ 
gential acceleration, 

dv V dr r dr 

. 

p being the radius of curvature at the point in the path of the particle 
corresponding to the point (r, 6 } in the hodograph. 

The student will probably find it less confusing not to use the 
symbols r and 0 at all, but to call the polar co-ordinates in the hodo¬ 
graph V and tp. 

Example. —Suppose the particle describes ihe catenary s = c tan 
and suppose that the equation of the hodograph is r = a /y/ sec 6 , or 
V = av^sec0. 

Then the normal acceleration is 


„ ds a^ sec 0 a^ 

— = ^ J _ _ COS 

p dip c sec2 ip c 




The tangential acceleration is 


. (3) 


V dv 

1>W 


JL . ^ (^ 2 ) s--L_ . ^2 sin ip sec2 0 = “ sin 0 

2p dlp^ ' 2C sec^ 0 ^ 2C ^ 


(4) 


EXAMPLES ON CHAPTER XII 

1. A rod AB moves in any manner whatever. If a and p denote the com¬ 
ponent velocities (or accelerations) of A and B parallel to any axis, show 
that the component velocity (or acceleration) of any point P on the rod, 

parallel to the same axis, is where a and b denote the lengths of AP 

and BP* 

2. A rod moves with its ends sliding on rectangular axes OX, OY. If 

x,yt are the co-ordinates at any instant of a point P on the rod, and if the 
angular velocity w of the rod is constant, show that the component accelera¬ 
tions of P are and Thence show that the resultant acceleration 

is OP. a >2 towards 0 * 
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3. A rod of length / moves about in a plane with angular velocity not 
necessarily constant. Prove that the component accelerations, along and 
perpendicular to the rod, of one end relative to the other, are —/a)2 

and respectively. 

4. A rod AB, of length /, rotates in one plane about the end A which is 
fixed. If 2/, are the component velocities of B parallel to a pair of 
rectangular axes in the plane, prove that the angular velocity of the rod is 

j 4 - 

5. A and B are two points, distant / apart, of a rigid body which moves 
in one plane. If «, are the component velocities of A, and i/j, Vx% those 
of B, parallel to a pair of rectangular axes in the plane, find the angular 
velocity of AB. Find also the tangent of the angle which the line AB 
makes with the direction of u. 


[ Angular velocity = 7 + (vi'-v)-) ; tangent of angle = ^——• 

/ z/i-z/J 


6. AB, BC, are two rods of lengths a and r, hinged together at B. The 
rods rotate in one plane with uniform angular velocities w and « respectively, 
the point A being fixed. Find the component accelerations of C along and 
perpendicular to BA when the angle ABC is 6 , 

If the rods rotate wfith equal angular velocities in the same or opposite 
directions, show that the resultant acceleration of C is AC. a >2 along the 
line CA. 

[The component accelerations are aofi ~ cn^ cos 6 ; cn^ sin 


7. One end, A, of a rod of length / describes a circle of radius r, while 
the other end, B, slides along a straight line passing through the centre, O, 
ol the circle. If the angle AOB be denoted by show that the velocity 
of B is 


sin d( 
dt \ 


I + 


r cos 9 


a /^ sin2 9 ) 


towards O. 

8. If (j) is the angle which the rod AB in the last question makes with 
BO, show that 

df _ r cos 9 d 9 
dt ~ I cos <!> dt 


Thence show that, when 9 = 0 and 9 — ir, the accelerations of B in the 
r /d9\^ 
direction AO are j(r ± ^)l ^ ) * 

9, Two points are moving with uniform velocities u and v along perpen¬ 
dicular lines OX, OY, the motions being towards O. When t = o they are 
at distances a and b respectively from O. Calculate the angular velocity of 
the line joining them at time /, and show that this angular velocity is 
greatest when 

_ au + bv 
" 1/2 4- z/2 

{London B,Sc,^ 1907.) 

[The angular velocity is 
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10. A particle falls down the line x a with uniform speed v. When 
the line joining the particle to the origin makes an angle 0 with the Ar-axis, 
hnd the angular velocity and acceleration of this line in terms of Vy a, and 

cos2 0 ; - 2--^ sin 0 cos^ ^.1 

la J 

11. A particle falls down the straight line x — starting from the axis 

of X, If its distance from the ar-axis is when it has been moving t 

seconds, find the angular velocity and acceleration of the line joining the 
particle to the origin. 

r ^aft . 45 /( 4^2 ^ 3 / 2 / 4 ) 1 

[4^2 +y2/4 » (4^2 +72/4)2 J 

How far has the particle dropped when the angular acceleration becomes 
zero? 

12. A particle describes a circle of radius a with uniform speed v. Take 
a diameter as initial line and one end of this diameter as pole, and find, by 
actual differentiation, the radial and transverse accelerations of the particle. 

13. A particle travels along a rod with uniform speed v while the rod 
rotates with uniform angular velocity m about an axis perpendicular to the 
rod and passing through a fixed point on it. Taking the pole at the fixed 
point, find the radial and transverse accelerations of the particle. 

[ — 2Z^CO.] 

14. A thin rod of length / passes through a fixed point O while one end 
describes a given curve, the rod rotating with constant angular velocity to. 
If the fixed point be taken as pole, and if r, 0 are the polar co-ordinates 
of that end of the rod which is describing the curve, show that the radial 
and transverse accelerations of this end are 

r) and 2a>2— 

{1/02 f ciB 

Find the component accelerations of the other end of the rod in the same 
two directions. 



15. If a rod which always passes through the origin rotates with uniform 
angular velocity % while one end describes the curve 

r ~ be^ 

show that the radial acceleration of any point of the rod is the same at every 
instant, and the radial velocity is the san^e at every point at a given instant. 

[Radial velocity = (r — ^)ai, and acceleration = — where d 

denotes the distance of the point from the end of the rod.] 

‘ 16. One end of a rod describes any plane curve, and the rod always passes 
through a fixed point in the plane of the curve. If the angular velocity of 
the rod is constant, show that the transverse acceleration of every point on 
the rod is the same at the same instant. What curve must the end describe 
to make this acceleration the same at every instant as well ? 

[Any of the spirals r = + B.J 
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17. A particle travels along the catenary s — c tan tft with uniform speed 
V. Find the acceleration normal to the curve in terms of s and constants. 


r 7/2^ 1 

^2 + c^\ 


18. A wheel of radius r rolls with uniform angular velocity a> along a 
horizontal line. O is the centre of the wheel, M the point of contact with 
the line, P any point on a spoke ; OP = angle POM = d. Show that the 
horizontal and vertical components of the velocity of P are (r ~ a cos d)cj 
and —acj sin 6 . Then show that the resultant velocity of P is MP.a> per¬ 
pendicular to MP. 

Show also that the resultant acceleration of P is aco^ along PO. 

19. A circle of radius a rolls inside a circle of radius b with angular 
velocity a>. Find the component velocities and accelerations of the centre 
of the rolling circle along, and perpendicular to, the line joining the centres 
of the circles. 

[ Velocities are o, am \ accelerations are , ^—a>2, a ^^-1 

b - a J 

20. Find the component accelerations of the point at the opposite end 
of the diameter from the point of contact of the rolling circle mentioned in 
the last question, the components being taken in the same directions as 
before. 

r^( 2^2 - b) 0. 


[ ^( 2^2 - 
b - a 


21. A circle of radius a rolls on a fixed horizontal straight line with 

velocity v and acceleration f. Find the accelerations of the highest and 
lowest points of the circle. (^London E.Sc., 1907.) 

f] 

22. A wheel rolls with constant speed along a straight line. If OC 
represents the velocity of the centre of the wheel, show that the hodograph 
of any point on a spoke ((3 being taken as the pole of the hodograph) is a 
circle with centre C, and that, for a point on the rim, the circle passes 
through O. 

23. When a circle rolls with constant speed on another circle of the same 
size, show that the relation between v and for any point on the circum¬ 
ference of the rolling circle, \% v — 2u sin u being the speed of the centre. 

24. If the hodograph of a moving particle is a circle described with 
uniform angular velocity about an eccentric point, show that 

R2 — 2^R cos ^ ^ = o 

where R is the radius of curvature, ^ the inclinaftion of the tangent at any 
point of the path of the particle, and a and b are constants. 

(^Manchester Universityy 1905.) 

25. Obtain expressions for the tangential and normal components of the 
acceleration of a particle describing a plane curve. 

Prove that, if these two components are constant throughout the motion, 
the angle through which the direction of motion turns in time /, is 
given by 

tj/ log (i + B^) 

{London B.Sc.y 1900*) 

§ 
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26. A particle, projected with velocity is acted on by a force which 
produces a constant acceleration f in the plane of motion and inclined at a 
constant angle a to the direction of motion. 

(a) Find the intrinsic equation of the curve described. 

(/^) Prove that, at the end of time /, 


/ 


— __cot a 

/ cos a} 


- I) 


♦'here ^ measures the change in direction of motion during that time. 

{Dublin University Term Exams,) 

27 . Prove that any displacement of a plane figure in its own plane is 
equivalent to a rotation about some point at finite or infinite distance from 
the plane. 

if the figure be rotated through 90® about a fixed point A, and then 
through 90® (in the same sense) about a fixed jTbint B, the result is equivalent 
to a rotation about a certain fixed point C ; find the position of C. 

{London B.Sc,^ 1905 ) 

[C is the centre of the square of which AB, in any of its three positions, 
forms a side.] 

28. The centre of a disc falls vertically with constant acceleration while 

the disc rotates in its own plane (which is vertical) with a constant angular 
velocity. Prove that the locus in space of the instantaneous centre of the 
disc is a parabola. {London B.Sc.^ 1909.) 

[With ^-axis downwards and along the path of the centre, the equation 

to the parabola is where / is the acceleration, and 

uf the angular velocity.] 




CHAPTER XIII 


NEWTON*S LAWS OF FORCE AND RECTILINEAR 

MOTION 

283 . Newton’s Laws.—In the last chapter we dealt with velocity 
and acceleration nnerely as rates of change of geometrical quantities. 
Velocity is the rate of displacement, and acceleration is the rate of 
increase of velocity. The theorems proved in the last chapter are 
therefore purely geometrical ones and have nothing to do with the 
cause of motion. The main problem in dynamics is to find the motion 
and displacement of a body caused by given forces, and for this 
problem we need a connecting link between force and motion. This 
link is supplied by Newton’s second law of force. The science of 
dynamics is built on an experimental basis which is summed up in 
Newton’s three laws of force. These laws have been given previously 
in this book, but we shall state them again here. 

Law I .—Every body continues in a state of rest or of uniform motion 
in a straight line unless it is compelled by forces to change that state*. 

Law II .—Change of 7nomcntum is proportional to the force producing 
that cha77gL\ and is i?t the direction of the force. 

Law III .—To every action there is an equal and opposite fraction, 

284 . The first law tells us that, if no forces act on a body, it 
retains its velocity unaltered in magnitude and direction; or, if it is at 
rest, it will remain at rest. This law is really implied in the second 
law. 

The momentum of a particle is the product of its mass and its 
velocity. Momentum must be treated as a vector with the same 
direction as the velocity. In finding the change of momentum we 
must find the difference by vector rules. We must take “ change of 
momentum ” in the second law with Newton’s meaning, namely, “ rate 
of change of momentum.” Then the law states that the rate of change 
of momentum of a body is proportional to the force producing it. To 
avoid having to define here what the momentum of a finite body is, 
we shall take a particle as our body. 

Thus, if V denotes the velocity of a particle of mass m acted on by 
a force F, the law states that, 

rate of change of mv oc F; 
that is, m x (rate of change of t) oc F ; 

or m X (acceleration) oc F.(i) 
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It must be remembered that this statement applies to all cases, and 
does not in the least depend upon the relative directions of the velocity 
and the force. If the hodograph of the moving particle be drawn, the 
force at any point of its path is therefore parallel to the tangent at the 
corresponding point of the hodograph. 

If we write j^for the acceleration, equation (i) can be written 

F = Cmf .(2) 

where C is some constant. As we pointed out in Chapter I., the 
most convenient unit of force for dynamics is the one obtained by 
making C = i. When the units of mass, length, and time, are fixed, 
equation (2), together with the assumption that C = i, fixes the unit of 
force also. Then the fundamental equation in dynamics becomes 

^ = m / .(3) 


Since the vectors F and w/are equal, their components parallel to 
any axes w'ill be equal. If then y, 2, are the co-ordinates of the 
particle referred to any three axes in space, and X, Y, Z, are the com¬ 
ponents of F parallel to these axes, we get, on equating the components 
of F and mf^ 


X = 
Y = 
Z = 


(Ex 

dE 

(Ev 


Ez 

”‘Tfl 


(4) 


If the motion is confined to the xy plane the last of these equations 
is unnecessary; and if the motion is along one straight line, taken as 
jc^axis, only the first equation is needed. 

285 . The statement made in the third law is that when a body A 
exerts a force on another body B, then B exerts on A a force of equal 
magnitude in the opposite direction along the same straight line. 
Either of these forces is called an (uiion^ and the other is called the 
corresponding reaction. 

This law is strictly true when the forces considered are really action 
and reaction. It is very common, however, to assume that the actions 
of two bodies A and B on a third connecting body C are action and 
reaction. Thus, when a horse drags a barge by means of a rope it is 
often assumed, and stated, that the reaction of the boat on the horse 
is the pull of the boat on the rope. But actually there are no direct 
actions between the horse and the barge. The horse pulls at the rope 
(or more correctly, at its collar), and the reaction to this pull is the pull 
of the rope (or its collar) on the horse. The pull of the boat on the rope 
is the reaction to the pull of the rope on the boat. Whether the backward 
pull of the boat on the rope is equal and opposite to the forward pull 
^ the horse on the rope depends on the other forces acting on the rope 
well as on ifi mass and acceleration. Generally the directions of the 
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pulls at the ends of the rope are not even the same. It is true that 
there is not much error in regarding the actions of the horse and the 
boat on the rope as equal and opposite, but there is some error, 
whereas Newton’s law is absolutely accurate so far as we can test it 
experimentally. 

There are other cases of forces transmitted from one body to 
another where the connecting link is not so obvious as in the case of the 
horse and the boat. Such are electric, magnetic, and gravitation 
forces. Before we can say with certainty that the action of the earth 
on the moon, and the action of the moon on the earth, are the action 
and reaction of Newton’s third law, we must be sure that the action is a 
direct one. If some intervening body or medium transmits the force 
from one to the other, the actions and reactions are the forces between 
each body and this medium. The force which accelerates the moon is 
the action of the medium, and the reaction of the moon is its action on 
the medium. Newton’s third law cannot be taken to mean that the 
action transmitted through a medium from one body to another is equal 
and opposite to the action transmitted from the second to the first. Yet 
this is usually assumed for gravitation forces, and this assumption leads 
to results which are in accord with observations. Whether this means 
that the action takes place without the aid of a medium (an idea which, 
for some strange reason, many scientists of the present day seem to 
imagine is self-contradictory), or whether there is a medium whose 
density is infinitely small, and some of whose elastic properties areu 
infinitely great, we have at present no means of deciding. 

286, D’Alembert’s Principle.—If several forces act on a particle of 
mass m and produce an acceleration / the equation of motion is 

2 JF = mf .(i) 

where 27 F denotes the sum of all the forces, obtained, of course, by 
vector addition. 

On transferring ?»/ to the other side, we get 

27 F — ?fif =: o .(2) 

This equation tells us that the sum of all the forces minus the vector 
mf is zero. If we regard — w/as a force, the equation can be in¬ 
terpreted to mean that the sum of all the forces, including —is 
zero; that is, the forces are in equilibrium. Consequently, all the 
theorems that have been proved concerning a system of forces in 
equilibrium acting on a particle can be applied to a particle moving with 
acceleration /if we regard ~ w/as one of the forces. The quantity mf 
is called the effective force acting on the particle. 

The principle just stated is called d’Alembert’s principle. It is a 
very simple deduction from the laws of force, and* is a device used to 
enable us to apply statical rules to dynamical problems when it is con¬ 
venient to do so. An extremely useful case to which it is applied is 
that of a particle describing a circle wkh uniform speed. If cu is the 
angular velocity of the radius through the particle, and r the radius of 
the circle it describes, we have shown that it has an acceleration 
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towards the centre of the circle. By d'Alembert's principle the forces 
acting on the particle, together with the reversed effective force, namely, 
mro)^ acting along the outward-drawn radius, are in equilibrium. In 
consequence of the frequency with which circular motion is treated as a 
statical problem by adding the outward force mrafi, this quantity has 
acquired the name “ Centrifugal Force! This centrifugal force is a 
useful fiction, but the student should remember that it is not an actual 
force on the particle ; it is equal to a force invented to make a statical 
problem with a great resemblance to the dynamical one. 

287 . Energy Equation. —A dynamical problem is completely solved 
when the co-ordinates of the body are expressed in terms of the time. 
When the forces are given, the starting-point is the differential equations 
of motion in any of their forms. If the forces acting on a particle arc 
expressed in terms of time, we have only to integrate twice each of the 
equations 


d^x 

H - 

dP 




Vt 


_ Y 
df^ 



(0 


and the problem will be solved. Generally, however, the forces are 
^known functions of the co-ordinates and not of the time, so that the 
equations are not solved by simple integrations, tfut it is usually 
possible to find one integral of the equations of motion, as we shall now 
show. The equation is called the Energy Equation, 

Unless the contrary is stated, it will be assumed that the co-ordinite 
axes are perpendicular to each other. 

dx 

Multiplying the first of equations (i) all through by , we get 


m 


dx (Ex _ -^dx 

dt'li^'^ It • 


Let u be written for 


dx 

dt 


on the left-hand side. 


.(*) 

Then this equation is 




( 3 ) 


Integrating with respect to /, 

^viu^ = ^ILdx -f C 

= (work done by force X) + C , . • . (4) 

We can get two similar equations from the other two equations in 
(i). Adding the three results obtained, 

-f z;2 + 0,2) = fxdx + /Ydy + JZdz + A . (5) 

where 2, = 0/ = ^ 

dt dt 
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If U is the resultant velocity, equation (5) can be written 

:= (work done by all the forces) + A . . (6) 

If Uq is the velocity at the beginning of any displacement, and U 
the velocity at the end, the equation (6) can be expressed thus : 

\m\]^ — = work done during the displacement. (7) 

lor it is clear that the constant A is ^mVo^. 

If we know the path by which a particle travels and the force at 
every point of the path, equation (7) will give U, or rather the increase 
in But when the forces have a potential function (Statics, 

Art. 135), it is not necessary to know the path. For denoting the 
potential function by V, we have 

— V = work done from same standard position 

SYdy + jZdz ..( 8 ) 

If Vo and V are the values of the potential function at the beginning 
and end of any displacement, then 

^ ^ - V -f Vo.(9) 

This is, of course, the equation obtained by integrating three such 
equations as (3)'between limits and adding the results. 

288 . The quantity is called the Ki?tetic Enef\s^y of the particle 

m moving with velocity U. It is the equivalent of the work done on 
the particle from rest. If the particle starts from rest and endf-at rest, 
the total work done on it is zero; that is, equal amounts of positive 
and negative work have been done on the particle. 

The kinetic energy of a particle is its energy due to motion, and 
this energy can be converted back into work by allowing it to push 
some other body forward until the particle is brought to rest. The 
quantity V is the energy due to position. This can also be converted 
into work by allowing the particle to change its position while it acts 
on some other body. 

In many problems in dynamics it is much easier to start with the 
energy equation in any of its forms, (6), (7) or (9), than to start with 
the equations of motion. Besides, the energy equation is better than 
the equations of motion because it is an integral of those equations, 
and is therefore one step nearer the solution. 

Example i. —The energy equation of a body projected from the 
earth’s surface with a velocity Uq in any direction is 

= -^rngh 

where h is the height above the surface when the velocity is U. This 
equation applies only so long as h is small compared with the earth’s 
radius. 

Example a. —The attraction between the sun of mass M and a planet 

“ idi ffi- 

of mass m is k-^ at distance r. The potential function is therefore 
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K—y . Assuming the sun to be always at rest, and the planet to 

have a velocity U at distance r, the energy equation is 

, Mm . 

= K -h a constant 

1 TT* 

or AwU* — /c — = a constant. 


Example 3. —The energy equation of a body under an attractive force 
kr^ r being its distance from the fixed point towards w'hich the force 
acts is 


-f \kr^ = a constant, 

because the work done in the displacement from o to r is The 

above energy equation is correct whether the body moves along a 
straight line or along a curve. 

289. Motion in a Straight Line under a Uniform Force.~We will 
find the velocity and displacement of a particle of mass m moving in a 
straight line under a constant force F. If .r is the displacement of the 
particle from some fixed point on the line t seconds after some given 
instant, the equation of motion is 


Therefore 

and 


u = 


d\x 

dx 
'~dt ' 


F . . 

F , 

- / “h 
m 


X = + .Vo 


. . (1) 

• • (2) 

• • (3) 


and being the values of x and u when t — o. 

Let X be measured from the poinf where the particle was when i 
w^as zero. Then x^ = o, and (3) becomes 

X = ^^0^.. (4) 

By eliminating t from (2) and (4), we get 

= 2^X (5^ 

m 

This could have been obtained at once from the energy equation, 
which is 

^Yx . • ( 6 ) 

Equation (6) can very easily be verified in this case, for 
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/7/j! 

Hence, substituting in (i) u - for we get 

Cl Cl I 

.( 8 ) 

from which we get, on integrating with respect to 

— \viu^ = ¥x 


290 . The results in the last article can be applied to a body falling, 
freely near the earth’s surface, and to a 
body sliding down a smooth inclined plane, 
if we neglect the resistance of the air. In 
the former case F = mg-, and therefore 

F F 

~ s= g. In the latter case = g sin a, 
m m 

where a is the inclination of the plane to 
the horizontal, as we will now show. 

The only forces acting on the body yig, 153. 

are its weight mg and the normal reaction 

of the plane. Measuring x down the plane, and resolving in this 
direction. 



dKx 

Sin a 

at^ 


(t) 


which is the same equation as (i) in the last article, with w^sin a for F. 

When the particle has moved through a distance x down the plane, 
its vertical descent is at sin a, which we shall call //. Then equation (5) 
of the last article takes the form 

g sin a 

^ . 


This could have been obtained directly from the energy equation, 
for the only force doing work in the motion is the weight, and in a fall 
of h feet the work done is mgh, whatever be the direction of motion. 
Hence— 

^mu^ - . ( 3 ) 

which agrees with (2). 

When a body falls from rest through a vertical distance h, its velocity 
is given by the equation 

.^ . (4) 

For this reason the velocity V 2g/i is called the velocity due to the 
height (or rather, to the fall) h. 

We will consider another case of constant acceleration. 

Let CA and CB be two planes inclined at a and p to the horizontal, 
C being the top of both planes. Masses mi, Wg, slide on CA, CB 
respectively, and are connected by a string passing over a frictionless 
pulley at C. 
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Suppose fjLiy /X2, are the coefficients of friction on the planes, and 

suppose /is the acceleration of along CA and of ^2 along BC. Let 
T be the tension in the string, R the normal reaction of the plane CA 
on Pii. Assuming that the velocity of is in the same direction as /, 
the friction fiiK will act along AC. 

Resolving perpendicular to CA and along CA for Wj, we get 

R = cos a.(5) 

and ni^f = sin a ~ /x^R — T 

= ;//i^;^(sin a — /Xi cos a) — T. . . (6) 

The corresponding equation for the particle the friction on which 
acts along CB, is 

- W2/= w/2^(sin ^ + ^^2 cos P) - T . . (7) 

Eliminating T from (6) and (7), 

{m^ -f ^2)/= Wi,;?'(sin a — /x^ cos a) — ^^^‘^’•(sin P -h 1^2 P) 

which gives a constant value for/ If this value of /is negative, the 
particles will finally come to rest. Then they may remain at rest or they 
may begin to move in the opj)Ositc direction. In the latter case the 
new acceleration in the opposite direction can be obtained by reversing 
the signs of sin a and sin fi in (8). If this new expression for the accele¬ 
ration is negative also, then clearly no motion is possible, for a body 
cannot to move in any direction unless it has a positive accelera¬ 
tion in that direction. We have here, then, a criterion whether the 
bodies can start from rest or not. If the expression on the right of (8) 
is negative as it stands, and also .when sin a and sin ^ have their signs 
changed, then they will remain at rest when once they are at rest. But 
if either of the two expressions is positive, the motion will begin and 
continue in the direction of the corresponding acceleration. 

The equation will remain equally true if C is the bottom of either 
of the planes, provided the other plane is on the lower side of that 
plane, and provided the expression for T, obtained by substituting the 
value of /in either (6) or (7), never becomes negative. 

291. Power is the rate of doing work. The practical unit of power 
is a horse-power (written H.P.), which is 33,000 foot-lbs. per minute, or 
550 foot-lbs. per second, or 550^ foot-poundals per second. The 
theoretical unit of power in dynamics is a foot-poundal per second. 

The energy equation for a particle of mass ;// acted on by a con¬ 
stant force F is 

.(i) 

Since the right-hand side is the work done from the point where 
= o, we shall get the power on diff erentiating with respect to ’ Thus 

= = . 

We may express this equation thus— 

rate of increase of kinetic energy = power . • . (3) 
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The relation expressed in (3) is a general one for all cases of motion 
along curved })aths and under variable forces. For suppose a particle 
moves along any curve. Let ds be an element of arc of the curve, 

ds 

V the velocity -y, and T the comi)onent force acting on the particle 


along the tangent in the direction in which ds is positive, 
resolving along the tangent, 


Then 


(4) 


Multiplying by v throughout, 


dv ^ 

7nv — = Tz' = 
di 



that is, 



T— =: power 


• • (5) 

• . ( 6 ) 


because 'Tds is the work done in the interval dt corresponding to the 
displacement ds^ and therefore T— is the rate at which the forces do 
work. 

If V is constant, the power of all the forces acting on the body is 
zero. Thus when a railway train has got up full speed the power of 
the forces on the train is zero. That does not mean that the power of 
the force exerted by the engine is zero. But the power of the engine’s 
force and the frictional forces is zero. The frictional forces act con¬ 
trary to the motion, and therefore they do negative work and have 
negative power. 'Bhe power of the engine’s force is positive and 
balances the negative power of the frictions, including the air resistance. 

292 . Simple Harmonic Motion. —A body moves in a straight line 
so that its acceleration is towards a fixed point O in the line and pro¬ 
portional to its distance from that point. To find the velocity and 
displacement 

This kind of motion is called simple harmonic motion. 

Let X be the displacement from the fixed point O, and let the 
acceleration be kx towards O. The acceleration in the direction in 

d^x 

w hich X increases, that is, away from O when x is positive, is Hence 


d^x 


— hx 


(I) 


This equation is correct whether x is positive or negative. For 

when X is negative tfie right-hand side is positive, which means that 

d^% ^ • • • 'u 

the acceleration is in the direction of increasing jc, and this is right 

because on the negative side of O the acceleration is towards O and 
consequently positive. 

When the acceleration is a function of as in (i), we must either 
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use the energy equation as the starting-point, or obtain the equivalent 
equation by writing 

du . ^ 

Then (i) becomes = -^kx .(2) 

dx 

Integrating with respect to or, 

+ A.(3) 

Suppose u — o when x ^ a. Putting these values in (2), 

o = — "f* A 

This gives A in terms of a. Now (3) can be written 





. (4) 

Whence 


. . . 

• (5) 

and therefore 

jk^ -!_. 




^ dx ' 



Integrating with respect to x^ 




y ht -j- ^ ^ sin ^ — • . • • 

. . . 

. ( 7 ) 

or 

X == a sm (yht + P) . 

. 

• (8) 


This shows that the particle oscillates between the two points 
X a and x = —a. The quantity a is called the amplitude of the 
motion, and the angle j 3 is called the phase angle, 

A complete oscillation is a displacement from one end of the path 
to the other end and back again. When the particle is at the end 


X ^ a oi its path, we have 

a = a ^\v\ kt .(9) 

Therefore >^ 4 -/-f jS = ^ + « . 27 r ..(10) 


where n is any integer. From (10) we get 

TT j8 27 r 

aV-i - X (° ^ 3 or 4 , etc.), (ii) 


The difference r between two successive values of t given by (ii), 
that is, the time taken by the particle to make a complete oscillation, is 


r 


277 - 


(13) 


This does not depend on the amplitude a. Whether the particle 
makes large or small oscillations, provided (i) is the accurate equation 
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of motion, the time of oscillation depends only on k. In future, as 
soon as the student obtains an equation of motion of the type 



(13) 


he should know that it denotes oscillatory motion with a period 


.(14) 

h . . , h 

provided - is positive. If ~ is negative the motion is not oscillatory. 
The velocity, obtained by differentiating ( 8 ), is 
dx 

= ^kacos(^ki + P) .( 15 ) 


This gives the velocity in terms of /, and ( 4 ) gives the velocity in 
terms of x. 

293. Other Forms of the Result for Simple Harmonic Motion.— 
On integrating equation ( 6 ) of the last article we were quite at liberty 

X X 

to take cos'"! ~ instead of sin”! ^. Then the equation corresponding 
to ( 8 ) would have been 

X = a cos P) .(i) 


That this is a solution of the original differential equation is easily 
seen on differentiating twice and substituting in the equation. Thus 
from (i) 

= - ka cos 

^ —kx .( 2 ) 

which is the differential equation (i) of the last article whose solution 
was required. 

Again, taking the solution obtained in the last article and 


expanding sin {If kt + j3), we have 

* = sin ^.(3) 

= a cos j3 sin /Jkt a sin /3 cos s!kt 

Now we may write C for a cos j3 and D for a sin thus replacing 
two constants by two other constants. Then we get 

a: = C sin fj kt + D cos kt . (4) 


This form of solution is sometimes more convenient to use than 
those in (i) or ( 3 ) of this article, but all three solutions are equivalent, 
and any one form can be changed into any other. 
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In the same way as we have shown that (i) is a solution of the 
differential equation 


d^x 

'dP- 


= —/(".r 


(5) 


we may show that (4) is also a solution. And since (4) contains two 
independent constants it must be the general solution. For the 
general solution of a differential equation of the second order is any 
solution of the equation which contains two independent constants. 
Now (4) is a solution of (5), as can be shown by differentiating, and it 
contains two independent constants; therefore it is the general solution. 

294 .—There is a simple geometrical way of representing simple 
harmonic motion. Suppose the equation for the displacement is 

X — a cos (rf + ^) .(i) 

Let a circle of radius a be described w'ith centre O cutting the line 
of motion in A and A'. I.et M be the position of the particle at time 

and let P be a point on the circle such 
that PM is perpendicular to AA', and let 
the angle AGP = Then 

OM z=: X = a cos (cf -f j8) (2) 
But also OM == <7 cos 6 , . . . (3) 
Hence = t*/ 4- ^8 -f 2/m . (4) 

where n is some integer. 

Differentiating (4) with respect to 

dO 

Fig. 154. ^ ■ • • (5) 

Thus OP rotates with constant angular velocity c radians per second, 
and M is the projection of P on the line of motion. 

295 . When a particle oscillates about a position of stable equi¬ 
librium the motion is nearly always approximately simple harmonic 
Assuming Hooke's law to be correct, a body oscillates at the lower end 
of an elastic string with exactly simple harmonic motion. In all cases 
when a body oscillates under elastic forces the motion is approximately 
simple harmonic. 

Example i. —A particle is attached to the middle of a uniform elastic 
string which is stretched between two points A and Bon a smooth horizontal 
table. If the particle is pulled to some point in the line AB and then let go^ 
to find the subsequent motion^ assu/ning that both strings were tight 7a hen 
the particle was let go. 

Let AB = 2a, and let 2/ denote the unstretched length of the string. 
Let X be the displacement of the particle from O, the mid-poiht of 
AB, at any instant. Let the tension in each half of the string be 
the product of k and the extension, and let m be the mass of the 
particle. 
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The extensions of the t\\o halves of the string are ^ ^ and 

(a -j- X — /); the tensions are therefore /:(a — a: ~ /) and -f .v — /). 
The force acting on the particle is therefore 2/!X towards O, the 
difference of the tensions. Hence the equation of motion is 


The motion is therefore simple harmonic with a period 


Example 2. — A particle is attached to the viid-point of a vertical 
siring, 7 he particle oscillates horizontally while the ends are prevented 
from moving horizontally a 7 td the tension kept constatit. To find the time 
of a small oscillation. 

Let A and B be the ends of the string, and P the position of the 
particle, T is the tension in the string, and x the horizontal 
displacement of P. k 

The force acting on P is \ 

^ • • • • (0 \ 

where / is the length of the string. 

The equation of motion is therefore O—dP 


.( 

Hence the motion is simple harmonic, and the period is 


/ml /ml / V 

= T • • • (3) 


B’ 

Fig. 155. 


The conditions assumed in this example are very nearly realised 
when a string is tied to the tw'o points A and B. The tension is, how¬ 
ever, slightly increased when P is displaced from O. The best kind 
of string is one which stretches considerably under tension, for then 
a slight increase in length will scarcely affect the tension. 

The conditions are also nearly realised by fastening one end of an 
inextensible string at A, and attaching a weight at the lower end, the 
string passing through a small ring at B so as to prevent horizontal 
motion. The weight is attached, of course, below B. The mass 
attached must be much greater than m. 

296. A particle suspended at the end of an elastic string or 
spiral spring. 

Let X be the extension of the string at any instant, and kx the 
corresponding tension. There are now two forces acting on the 
particle in the line of motion, namely, the tension of the string and 
the weight of the particle. 
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The equation of motion is 



d*^x 

= • • . 

• • • • (^) 

Therefore 

d^x kf mp\ 

^ kl ‘ 

.... (2) 

Mow putting 

II 

1 

• • • • (3) 

we get 

d'^z d^x 

^>2 ~dfi . 

.... (4) 

ind therefore equation (2) becomes 



d'^z k 

ni * * 

• • • • (5) 


This gives simple harmonic oscillations with period 



On examining (4) it is obvious that z is the downward displacement 

‘fficr 

of the particle measured from the point where that is, from the 

point where kx^ the tension, is equal to the weight. But this is the 
position of equilibrium of the particle. . Hence the particle executes 
simple harmonic oscillations about the equilibrium position. 

Equation (i) is the correct equation of motion of the particle only 
so long as the string remains stretched. If the oscillations are so large 
that the string is sometimes slack, the correct form of the equation of 
motion while the string is slack is 

d^x . . 

.(7) 


since the string has no influence on the motion provided its mass is 
negligible, as we have assumed in the problem. 

It follows from the preceding that if the equation of motion of a 
particle is of the form 


d'^x 

li^ 


— 4./ 


( 8 ) 


the motion has exactly the saihe character as if the constant f were 
absent, but the mean position of the particle is displaced, in the 

positive direction, a distance ^ from the position it would occupy if 
f were zero. The solution of the equation is 
f 

jT = - 4 A cos r/ 4 B sin ct 


the constants A and B being determined by the initial conditions. 


(9) 
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297. A Numerical Example. — IT hen a mass weighing 4 ounces is 
at rest supported by a certain elastic strings the extension of the string is 
4 inches. If the mass is raised 2 inches from its eqtiilibrium position and 
then let go^ to find the time of oscillation and the displacement t seconds after 
the start. 

Taking the tension of the string to be given by 

T — kx .(i) 

r g 

we find that, since T = - pounclals when x = ~ foot, 

= k.(2) 

The equation of motion is therefore 

I eFX -t ^ . 

ht^ = i" “• .(3) 


Consequently 


= - 1 ) 


The solution of this equation is 

X = ~ + A cos \/3.C/ 4 - B sin \/ ^gt, 
Now by the conditions of the problem 


But from (5) 


when / = o 


- A sin -v/ 4 - B cos 


To make this zero when / = o we must have B = o. Then the first 
of the conditions (6) gives 

l = ^ + A.(8) 

Hence A = — J 

Thus finally * = I - s cos .(9) 

277 

and the time of oscillation is which is about 0-62 of a second. 

In equation (9) xis, of course, expressed in feet. 

298. Attraction varying inversely as the Square of the Distance 
from a Fixed Point. —Since the attraction varies inversely as the square 
of the distance, the acceleration towards the fixed point varies in the 
same way. Hence the differential equation of motion takes the form 

d^x h .V 

. 

when X is positive. 
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Writing u for and for in (i), we get 

du k /V 

u - = - .. (2) 


Integrating 


i;.2 = ^ 4 . G 

a- 


Now suppose the body is falling inwards, that is, towards the 
attracting centre, and suppose a was the value of x when u was zero. 
With this condition (3) becomes 


Therefore 


.W 


The negative value of the root is taken because w^e have assumed 
ix 

— to be negative in supposing that the particle was falling towards the 
dt 

centre of attraction. 

From (5) we get 



2 k dt 
a ' dx 



Therefore 

^ a J ^ a — X 


Put 

X a cos2 6 . 

... (6; 

Then 

dx ^ — 2a sin B cos BdB 


and 

/ X cos 0 

^ a — X sin 0 

• . . ( 7 ) 

Therefore 

hj —t + C = af 2 cos2 BdB 

V ^ 



= af(i + cos 2B)dB 
= a(B -f-J sin 20 ) 

... (8) 


As Q varies from o to -, the distance x varies from a to o. We are 
2 

at liberty to let B vary from o to — to get the same variation of 

2 

but then we should have to take a negative sign on the right-hand side 
of (7) so as to* make that side give the positive root of the left. In 
this case the signs would be reversed oh the right of (8); but since 0 
would now be a negative angle the result would be the same as before. 
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If i is measured from the instant when x ^ then the constant C 
must be zero, since d and t have to vanish simultaneously. The time 4 
taken by the body to fall from :»: = to ,^1:: = o is therefore given by 




Tra 

2 


Hence 


h 


TTa^ 

2 >J 2I1 


(9) 


For outward motion the constant G in (3) may be either positive 
or negative. Consequently we may write 



<io) 


Then, since the outward velocity is positive, 


dx 

~dt 




(I ± X 
X 


and therefore 




-dx 


Now take x ^ a sin^ 6 ^ or =a sinii^ z, according as the lower 01 
the upper sign is correct for the motion we are dealing with. 

Taking the negative sign, 

/y/+ C = <1/2 sin2 Odd 

= af(i — cos 2$)d0 
= a(0 — i sin 26) .(ii) 

If we take the upper sign we get 



4. C = sinh 2 2 dz 


5= <3:/(cosh 2s — ^)dz 
= sinh 2z — z) 

= t7(sinh z cosh z ^ z) 

^ __ ^ X X 

= Vx(x -ha) - a log^ 


. (12) 


The constant C will be zero if a: = o when / = o. Equation (10) 
shows that the lower sign applies to the case where the body comes to 
rest at a distance a from the centre of attraction. After that the body 
begins to fall inw^ards. But the positive sign applies to the case where 
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the velocity is never zero and the velocity at infinity is finite. In the 

first case the maximum value of B is and therefore the maximum 

2 

value of the right-hand side of (ii) is ^<777. Since C will be zero in 
this equation if i denotes the number of seconds since x was zero, it 
follows that the time taken in travelling from the centre of force to rest 
at distance a is 

^ 2^ 2k 

which is the same as 4 in (9), the time for the reversed motion, as we 
should expect. In equation (12), however, there is no limit to and 
therefore no limit to t. 

299 . If the body has fallen inwards from a very great distance, 
that is, if a is very large compared with x in equation (4) of the last 

article, we may neglect Then 



and consequently 


_ V2>/+C 


The velocity 


/2k . 

“y V 7 * 


is called the velocity due to a fall from infinity. 


If a body were attracted by the sun from a very great distance, and its 
velocity were zero (or very small) at that distance, then its velocity at 
distance x from the sun’s centre would be the velocity given in (i). 
This is, of course, only true on the assumption that the sun is the only 
attracting body. Actually the planets would also have some influence 
on the velocity. 

If the motion is away from, instead of towards, the attracting centre, 
the positive value of the root must be taken in (i). In this case the 
body has not fallen from rest at infinity, but it is projected outwards 
with a velocity which will carry it to infinity and leave it at rest there. 
To put it in another way, we may say that a body projected from the 


attracting centre with a velocity greater than 



2 k 

— will never return 

X 


for its velocity will carry it to an infinite distance; and ja body pro¬ 
jected with a velocity less than the above will come to rest at some 
finite distance, and, neglecting the attraction of other bodies, the 
projected body will return to the body from which it was projected. 

300 Bodies projected from the Surface of the Earth. —The 
earth’s attraction on a body of mass w at a distance x from its 

centre is mg— where r is the radius of the earth. Its acceleration is 
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thus The velocity at x which would be just sufficient to carry 

the body to infinity, that is, out of the earth’s influence, is 


u = \J 


2gr^ 

X 


(i) 


Putting r for x in this, we get the velocity with which a body must 
be projected from the earth’s surface so that it shall never return. This 
velocity is 


= V 1760 X 3’ 


= 6*93 miles per sec. 


(2) 


Thus a body projected from the earth’s surface with a velocity of 7 
miles per second will never return to the earth. But this velocity 
would not carry the body out of the solar system, because the sun’s 
attraction would be too great. We shall now calculate the velocity 
necessary to carry a body from the earth’s surface out of the solar 
system. 

301 . We will find the velocity with which a body must be projected 
from the earth’s surface to carry it out of the influence of the earth’s 
and sun’s attractions, assuming the earth to be at rest. This will not, 
it is true, be the same as when we allow for the earth’s orbital motion, 
but it will not be much different if the direction of projection is per¬ 
pendicular to the earth’s direction of motion. 

If X and R denote the distances of the body from the earth’s and 
sun’s centres, its potential energy is 



where E and S denote the earth’s and sun’s masses, m the mass of the 
body, and k the constant of gravitation. 

The energy equation is therefore 
/ E S \ 

-1_ _ j ^ a constant 

To make the velocity zero when x and R are infinite the constant 
must be zero. Thus, if r denotes the radius of the earth, the velocity 
at the earth’s surface which will carry a body to infinity is given by 



Now S = 328,oooE approximately, and R = 92 million 
r = 4000 miles. Consequently 


Sr 

ER 


= 14-3 


miles, 
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E 

Therefore n = 2/c (i + 14’s)^ 


= 6*93 X V 15*3 miles per sec., by (2) of the last article, 
= 27 miles per sec. nearly. 

302 . We will work a numerical example to illustrate the formulae 
giving the time for the inverse square law of attraction. 

7 wo siwi/ar spJures^ each oj mass 2000 lbs, and radius one footy are 
placed with their centres 6 feet apart. If they are acted on by no forces but 
their mutual gravitational attractionsy how long will they be before coming 
into contact ? 

Since there is the same force acting on each sphere, they will meet 
halfway. Let x be the distance of each sphere from the fixed point 
which is always midway between them. Then 2x is their distance apart, 

and the force acting on each is where k is the constant of gravi- 

( 2 X)^ 

tation and m the mass of one sphere. 

The equation of motion of either sphere is 


or 


d\x 

^' di^ ~ 
dKx __ 
dt^ “ 


■ 

Kfn 


To get the relation between x and t we have to put o for C, 3 for dt, 

Kttl • 

and — ^or ky in equations (6) and (8) of Art. 298. Then 
4 

U = 3(^ 4- J sin 2O) 

When the spheres come in contact a: = i, and therefore B = 0*9553, 
3 sin 20 = 2^2. Consequently 




-/=3(0-9553) + ^2 


= 4*280 

By equation (2), Art. 239, the value of k when force is measured in 

poundals is- - -s* Therefore 

^ 9*4 X 108 

V 2000 

2 hours nearly 
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EXAMPLES ON CHAPTER XIII 


1. Write down the energy equation for a particle of mass m sliding along 
a smooth curve, of any form, under the action of gravity only. 

\\mv^ + tngy ~ constant,being the height above any fixed horizontal 
plane.] 

2. Write down the energy equation for a particle of mass m under no 
forces but the attraction of an infinite plane of matter of density cr per unit 
area. 

\)ymv^ + ’iTTirymy = C, y being the constant of gravitation, and y the 
distance of m from the plane.] 

3. A particle of mass 7 n moves in free space under the attraction of an 
infinite cylinder of mass p per unit length. Write down the energy equation 
in terms of r, the distance of m from the axis of the cylinder. 

+ 2ypfn log r ~ C.] 

4. A particle moves along the axis of a uniform disc under no forces but 
the gravitational attraction of the disc. Write down its energy equation, 
taking a as the radius, o* as surface density, y the constant of gravitation, 
and assuming that the velocity was zero when x, the distance of the particle 
from the plane, was equal to b. Find also the velocity with which the 
particle strikes the disc. 

[The energy equation is 

Jwz/2 — 27roryw( ^2 ^ ^ x) — 27ro'yw( + 3^ - b) 

On reaching the plane v = \//^ 7 Tary(a + b — V-{• b^).] 


5, A, B, are the ends of the axis of a straight uniform thin tube of circular 
section and mass m per unit length ; a, /?, are points on the corresponding 
edges [rims] ; P is a point on BA produced. Prove that the potential at 
P is 


y 7 n log 


PB + Pp 
PA + Pa 


y being the constant of gravitation ; and show that if a particle, starting 
from rest at A, moves under the attraction of the tube, it will arrive at the 
middle point, O, of AB with a velocity equal to 



(OA + Oa)2"| 
Aa'(AB 


(^London B.Sc.y 1908.) 

' 6. A cage is wound up the shaft of a mine 400 feet deep. It has a 
uniform acceleration of 8 feet per second per second until its velocity 
has reached 20 feet per second, after which it moves with constant velocity 
until it is nearing the top, when it is brought to rest by a uniform retardation 
of 12 feet per second per second. Find the total time from bottom to top. 

[22^ seconds.] 

V 7. The greatest tension which can be safely borne by the chain of a 
crane is tons. Find the shortest time that would be required to raise 
J of a ton up the first 21 feet from rest by means of the crane, and find the 
maximum horse-power during the lifting. {London B.A.^ 1908.) 

[174 seconds; 122-5 H.P.] 
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8. Prove that the time occupied on a railway worked by gravity between 
two stations at the same level, connected by two equal inclines of length a 

feet descending a depth h feet, is seconds, assuming that the train 

passes the junction of the inclines without shock, and that passive [/>. 
frictional] resistances can be neglected. {^London Inter. Sci.^ 1902^ 

9. A motor starts from rest to go a distance S, and its acceleration t seconds 


after the start is until it hasattained its maximum velocity, which 

occurs when / = t, after which the maximum velocity is maintained. If T 
be the whole time for the distance, and the time for the same motor with 
a flying start, prove that 

r = 3(T - Tj) 


and 


_ 2 _ S_ 


(Board of Education,, Stage III., 1909.) 

10. Suppose the coefficient of friction between the wheels of a train and 
the rails is 0*2, and suppose that of the whole weight of the train bears 
on the driving wheels. Find the least time in which the train could be 
driven from rest at one station to rest at another station one mile away, 
neglecting all resistances and assuming that all the wheels can be braked. 

[2 mins. 14 seconds.] 

ir. A body travels over a space .r in / seconds. It starts from rest and 
ends at rest; and in the first part of its joinney it moves with constant 
acceleration f and in the second part with constant retardation r. Show 
that 


^ /+ r 

12. The acceleration of a certain body t seconds after it starts from rest 

t 

is in foot-second units. Find the utmost limit for the velocity, and 

find in how many seconds it will have reached 99 per cent, of that maximum 
velocity. Find also how far it will travel in the first 20 minutes. 

[80 feet per second ; 1105 seconds ; 14*52 miles.] 

13. The two ends of a train, moving with constant acceleration, pass a 

certain point with velocities u and v respectively: with what velocity does 
the middle of the train pass that point ? (London Inter. Sci., 1906.) 


14. A heavy smoked-glass plate is dropped past the end of a vibrating 
tuning fork making n complete horizontal SH [ = simple harmonic] oscilla¬ 
tions per second, and by means of a light style attached to the fork a 
rippling trace is obtained on the plate. The vertical length of a certain 10 
consecutive ripples is found to be I centimetres, and of the next 10, C 
centimetres. Deduce that the value of^ is 

iff - /)«2 


loo 

(London Inter. Arts, 1907.) 

15. The maximum velocity of a body moving with simple harmonic 
motion is 2 feet per second, and its period is J second. What is its 
amplitude ? 

[Start by assuming that the displacement is a sin {ci 4- b). 
The amplitude = ^ foot, j 
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* 16. The amplitude of a body having simple harmonic motion is a and 
its period t : find its maximum velocity. 


V 17. Suppose that the attraction of the earth on unit mass inside a tunnel 

through the earth were where r denotes the distance of the mass from 

the earth’s centre and a the radius of the earth, show that a body free to 
slide in a perfectly straight tunnel through the earth {i.e. a tunnel which 
has not the curvature of the earth’s surface) would oscillate in a period 


211 Show that this is about 85 minutes. 

18. A light elastic string stretches J inch for every pound of tension. If, 

when the string is vertical and unstretched, the upper end being fixed, a 
weight of 3 lbs. is attached to the lower end and then suddenly released, 
find how far it will fall before coming to rest, and find the time of a complete 
oscillation, (Board of Education^ Stage IIL^ 1907.) 

[3 inches ; 0*393 second.] 

19. A weight is suspended by an elastic string. Let a be the extension 
of the string due to the weight, and let the weight be depressed until the 
extension is b and then released. Prove that the equation of motion is 

Investigate this equation and distinguish between the cases b'^ 2a and 
b < 2 a, {Board of Educatto^y Stage Ilf.y 1905.) 

[If b'^ 2 a the string becomes slack on the upward journey, and then 
the body moves under gravity only till the string becomes tight 
again.] 

20. From an infinite uniform lamina of matter a circular hole of radius r 
is cut out. If p is the mass per unit area, and y the constant of gravitation, 
show that a particle would make small oscillations about the centre of the 

hole and perpendicular to the plane in the period 

21. A particle of mass m is attached to the ends of three equal and 

similar elastic strings, which are stretched and have their other ends 
attached to equidistant points on the rim of a circular hoop, so that they 
make angles of 120° with each other. If the tension in each string is /b 
times the extension, show that the force exerted by the strings on the 
particle, when it is displaced in the plane of the hoop a distance x fromi the 
centre, in any direction, is \kx towards the centre. Thence sho.v that 
the particle can oscillate in any straight line through the centre, and find 
the period of oscillations in the plane of the hoop. _ 


[V“] 


22. A particle is free to slide along the axis of a fixed uniform ring of 
matter, and is acted on by no forces except the gravitation of the ring. If 
m is the mass of the ring, r its radius, and y the constant of gravitation, 
show that the particle will make small oscillations about the centre of the 

ring in the period ' 27 rf^ 

23. A weight hangs by a spiral string and makes vertical oscillations; 
prove that the period is independent of the amplitude. 
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If /i, /2> the periods corresponding to two different attached weights, 
and Cl, C2, the statical extensions due to these weights, prove that 


_ 4^Hci - C 2 ) 

^ /l2 - 42 


(Afanckcsfer University^ Honours A^hs.^ 1907.) 

24. If r, be the polar co-ordinates of a point moving in a plane, prove 
that the radial component of the acceleration is r — 

A particle P, of unit mass, free to slide on a straight wire, is attracted 
towards a point O of the wire with a force /x . OP. If the wire be made to 
revolve about 0 with constant angular velocity cu in a horizontal plane, 
show that the motion of the particle on the wire is simple harmonic with a 


periodprovided < u ; and prove that when : ^n, the path 

^ \ fl — O)^ 

of P in space is a circle. {London B.Sc., *907.) 

[When <x)^ = hii the circle which P describes is r ~ A cos (6 -f B), 
w'here A and B are constants depending on the start.] 

25. A vertical cylindrical rod of length / is clamped at one end and free 
at the other. Show that a detlection, % of the free end is produced by a hori¬ 
zontal force, P, applied at that end, such that 


JP/3 = EI^' 


Hence show that, if a mass w, which is large compared with the mass of 
the rod, be arched to the free end, it will oscillate horizontally in the 

V fn / . . 

E being expressed in absolute units of force per unit 


area, 

26. A uniform rod of length / is suspended in a horizontal position by a 
pair of vertical inextensible strings attached to its ends, and a mass w, large 
compared with the mass of the rod, is attached to its middle point. When 
the middle is deflected a distance^ below the equilibrium position with no 

El 

weight attached, show that the downward force on m is {mg- — 4S j^y). Find 

the period of small vertical oscillations of m. 

If the rod is a solid cylinder of length 6 feet and diameter one inch ; and 
if E = 28 X 106 lbs. per square inch and m = 200 lbs., calculate the period. 


0-341 second.] 

27. A certain spiral spring stretches half an inch for every pound of 
tension. One end is fixed and a 4-lb. weight is attached to the lower 
end. When the weight is in the equilibrium position it receives a blow 
which gives it instantaneously an upward velocity of one foot per second. 
Find the extension of the spring / seconds later. 

[(2-0*863 sin 13*9/) inches.1 

28. Two equal elastic strings hang side by side, each of which stretches 
I inch for one pound of tension. Masses of half a pound and two pounds 
respectively are attached to the lower ends of the two strings, and both 
are dropped at the same instant from the positions where the strings are 
unstretched. Find when they are at the same level and where they are 
then. 

[At intervals of g second they are at the same level and at theic 
highest points.] 
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29. If the larger mass in the last question were ^ of a pound instead of 
two pounds, show that the particles would be at the same level when i has 
any value satisfying the equation 






')*(: 


/ I I 7 + 8 cos 






and find the least value of t greater than zero which satisfies the equation. 

[0-246 second.] 

30. If the radius of the moon is ^ of the earth’s radius and the mass of 
the moon is of the earth’s mass, find the least velocity with which bodies 
must be piojected from the surface of the moon so that they may never 
return to it. 

[i*49 miles per second.] 

31. If a particle be shot upwards from the earth’s surface with a velocity 
of one mile per second, find roughly what height it will attain. 

{^Manchester University^ B,Sc., 1907.) 

[About 84 miles.] 

32. With w'hat velocity must a body be projected from the earth’s surface 
to reach the distance of the moon from the earth, this distance being sixty 
times the earth’s radius ? Find also the time taken. (Neglect the attraction 
of the moon.) 

[About 6*87 miles per second ; 4 days 20 hours.] 

“ 33. Find the minimum velocity with which a particle must be projected 

from the surface of a homogeneous sphere, in the line joining its centre to 
that of a second homogeneous sphere, in order that it may reach the latter. 
The particle is supposed to be subject to no forces but the gravitation of the 
spheres. 

{DubUn University^ Tcf'm examsi) 

[Find the equilibrium position between the two spheres, and then find 
the velocity which will just carry the particle to that point. If 
W2,*are the masses, rj the radius of the first sphere, their 
distance apart, the minimum velocity, Vy is given by 


17,2 


= y( 






ri c - ri 


)■] 


^ 34. Find the minimum velocity with wdiich a body w^ould have to be 
projected from the earth’s surface to reach the moon if the moon’s motion 
round the earth be neglected and its attraction taken into accouni. f‘adius 
of moon = of earth’s radius ; mass of moon of earth’s mass ; dis ance 
of centres apart = 60 times the earth’s radius. 

[6*86 miles per second ] 

35. With what velocity must a body be projected from the moon to 
reach the earth ? 

[i*43 miles per second.] 

* t 36. If a body is projected vertically from the earth’s surface with just 
the minimum velocity, u, to carry it to infinity, show that the time taken to 

reach a distance na from the earth’s centre is —- - i), where a denotes 

the earth’s radius. Calculate the time taken when n - 4. 

[About 44^ minutes.] 

37. Show that the time occupied by a body, under the acceleration 

towards the origin for a, to fall from rest at distance a to distance .r from the 
attracting centre can be put in the form 
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the angle being in the first quadrant. 

Prove also that the time occupied from x — \aio x - \a is one-third of 
the whole time of descent from a to o. 

38. Two equal spheres, each of mass 5 cwt. and radius 6 inches, are 
placed with their centres 8 feet apart. How long will they take to come 
into contact under their mutual gravitation only ? 

[About 6 hours 16 minutes.] 

39. If a denotes the earth’s radius, and u the minimum velocity of pro¬ 
jection from the earth’s surface necessary to carry a body to an infinite 
distance from the earth, show that the time taken by a body, which is pro¬ 
jected from the earth’s surface with a velocity 2w, to reach a distance x from 
the earth’s centre, is 


Calculate this time when x = 4^. 


\/3 

3 




'Sx -f- '\x + a \ 

[About 15*4 minutes.] 


40. A body oscillates on a rough horizontal table under the action of a 
spiral spring whose axis is parallel to the table. Show that its amplitude 
decreases by a constant amount at each half oscillation, this constant amount 
being equal to the distance between the two extreme equilibrium positions. 
Show also that the body stays at rest after any half oscillation which ends 
betw’een these two extreme positions. 



CHAPTER XIV 

MOTION IN TWO DIMENSIONS 


303 . The equations of motion of a particle of mass m at the point 
whose co-ordinates {x, j), referred to any axes in the plane of its 
motion, are 


d^v 

^'dh 


X 


Y 


(X) 


The axes need not be at right angles to each other. The equations 
(i) are true for oblique axes provided the forces X and Y are the com¬ 
ponents parallel to these axes. 

In order to find the path described by the particle x and^ must be 
found from equations (i). If X and Y are given functions of /, then 
X and will be found in terms of /, and the equation of the path will be 
obtained by eliminating t from the equations for x and jy. 

304 . Motion under Gravity.—Let the axis OY be taken vertically 
and downwards, and the axis OX horizontal. The equations of motion 
are then 


d^y 

~dt^ 




(I) 


d\x 


(2) 


Let u and v denote the horitontal and vertical components of tli4 
velocity. Then 

= X'X’o .(3) 

dx / \ 

^ u=z constant. \A) 

dt 

Vf) denoting the value of v when / = o. 

Integrating these equations again, 

y = + x'o^+Jo 

JP = «/ + . . . 


.. . ( 5 ) 
. . ((>) 
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If the origin be taken at the position of the particle when / = o, then 


^0 = o, Jq = o. Hence 

y = + vof .( 7 ) 

X ^ tit .(8) 


Eliminating / from these equations, we get, as the equation of the path, 


y = f 


'Fhis can be written 


Now the equation 


4,a{y + {x -f y)2 . . . 


is the equation of a parabola with vertical axis and concavity downwards, 
and vertex at .v = —y. Also the latus rectum is 4a. Hence 

2/; 2 

the equation (10) gives a parabola whose latus rectum is and whose 

o 

vertex is at I — , — ) • 

305 . If the particle is projected above the horizontal, 7^0 will be a 
negative quantity. If we denote — 7 'o then 7/ is the upivard com¬ 

ponent of the velocity of projection, d’hen the co-ordinates of the 

^ ; • Since the vertex of the parabola 

is the highest point reached by the j^article, this highest point is at a height 
7/2 

— above the level of the point of projection. This result can, of 

course, be obtained by ignoring altogether the horizontal motion and 
assuming that the particle is projected vertically upwards with 
velocity v\ 

To find where the particle meets the a:-axis on its downward motion, 
puty = o in (9). Tliis gives 


X = Oy or X = 


2//7'o ^ 


This second result is called the rattpy on the horizontal plane through 
the point of projection. The solution x = o merely means that the 
particle starts from the origin. 

If 7 'o is positive, that is, if the particle is projected below the hori¬ 
zontal, the range on the horizontal plane through O is negative (supposing 
u positive). But the particle never does meet this horizontal plane 
after projection in this case. But supposing the path continued back¬ 
wards, the parabola of which (9) is the equation does meet OX again, 
and it is this point that (12) gives us in this case. The equations give 
us the path not only after projection, but also that path continued 
backwards, just as if the particle had not started at the point of pro¬ 
jection, but had arrived there with the velocity of projection after 
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travelling from an infinite distance. Sometimes, in solving questions on 
motion of a particle under gravity, we get negative values of / in our 
solutions. A negative value of i refers to some point on the parabola 
produced backwards from the point where the particle was when / was 
zero. 

306 . In order to prove general properties of the path of a projectile 
the simplest method is to assume Vq ~ there is a point on the 

path of every projectile ([)roduced backwards if necessary) at which the 
vertical velocity is zero. Then the equation connecting x and jy 
becomes 

- ■ • • • • (13) 


The origin is now at the vertex. The directrix of this parabola is 
at a distance — above the vertex, and the focus is at the same distance 
below the vertex. 

The kinetic energy of the particle when it is at the vertex is \mu^. 
Also the kinetic energy due to a fall from the directrix to the vertex, a 

distance ~-j is ~ Thus the kinetic energy at the vertex 

is that due to a fall from the directrix. If V is the resultant velocity at 
distance y below the vertex, the energy equation gives 




(14) 


Hence 




+ --) 

V 


=c: work done on the particle in a 

fall from the directrix . . (15) 


If we are given only the equation of the path of a projectile, this last 
result will enable us to find the velocity at any point of the path. 

307. Range on an Inclined Plane.— Let the axis of jy be taken 
vertical and downwards, and the axis of x along the inclined plane. 
Then all the equations up to (ro) in Art. 304 will apply to this case. 
For, if the vertical acceleration ^ be resolved along OX and OY, there 
is no component along OX, because OY is vertical. The equation of 
the path, referred to these oblique axes, is therefore 



To find the range on the inclined plane we have only to put jr == o, 
and the value of x which is not zero is the range. Thus the range is 

2UZ^0 2VV* , . 

.(2) 

^ g 

exactly as for the range on a horizontal plane. The difference is, of 
course, that u and v* are not the same components as when OX is 
horizontal 
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We will put our result in a more convenient form for calculation. 

Let the inclined plane make an angle a with the horizontal. Let 
Vo be the resultant velocity of projection, 
and suppose it makes an angle jS with 
the liorizontal. 

From the figure it is clear that 

cos ^ 
cos a 

iii n 

cos a 



= Vn 


V 0 


a) 


Hence the range on the plane 

^ cos sin (P — a) 

cos2 a 


= 2Yo2 


( 3 ) 

( 4 ) 


(S) 


308 . From equation (2) or from equation (5) of Art. 307, it is easy 
to show that there are two different directions of projection with a 
given velocity Vq for the same range on the plane, and one of these 
directions makes the same angle with the vertical as the other makes 
with the plane. 

Putting y for — a), the angle which Vq makes with the plane, the 
range is 


g cos^ a 


(5) 


Now a body projected with a velocity Vq at an angle y with the 
vertical would have a range 


2 Vo2 - 


cos (90'’ — y) sin (90° — y — a) 


g cos^ a 


= 2V 2 sin y cos (y + a) 

“ g cos2 a 

® g cos2 a 


( 6 ) 


which is the same range as in (5). 

It is convenient to remember that the two directions giving the same 
range make equal angles with the bisector of the angle betw’een the 
plane and the vertical. 

309 . Maximum Range on any Plane. —From Fig. 156 it is clear 
that 

— 2/2 q. 7/2 q. 2uv^ sin a 

== {u — 7/)2 q- 2tiv\i + sin a) . . • (r) 


2 UV^ 


I + sin a 


(2) 


Hence 
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(3) 


The range on the inclined plane is thus 

I 4 - sin a) 

If the velocity Vq is given and the inclination a fixed, this range will 
be greatest for different directions of projection when (w — is least; 
that is, when u — v'. This makes the direction of Vq bisect the angle 
between the axes. Also the value of the maximum range is 


Vo2 


(4) 


g(i -f sin a) 

For a horizontal plane it is only necessary to put a = o. 

310. To find the direction of projection of a particle with a 
given velocity in order that it may pass through a given point. 

Let the co-ordinates of the point be (/, ^), and suppose a is the 
inclination of the direction of projection below the horizontal. V is the 
velocity of projection. Then 

z/q = V sin u = V cos a .(i) 

Hence equation (9), Art. 304, becomes, in terms of V and a, 


y = 


2V2 cos 2 a 


+ X tan a 


= ;^tan a 


(2) 


Since the point g) has to lie on this curve, we get 


^ ^ +/ tan a .... (3) 

V2 

Writing b for (which is merely a length), this can be transformed 
into 

« 2b 2l)Q , . 

tan 2 a H-tan a + i- ^ — o . » . . (4) 

P /“ 

which is a quadratic equation for tan a. There are two directions of 
projection as we have already found in Art. 308. 

Example.— A gim can fire a projectile at \2oo feet per second. In 
what direction must it be pointed if the projectile is to hit the top of a building 
100 feet high at a distance of 10,000 fectl 
Here 

(i 200)2 

b = '-—feet = 45,000 feet 

32 

p = 10,000, ^ — TOO 


The equation for tan a is therefore 

tan2 a + 9 tan a -f Tf 0*09 = o 
tan a = -8-877 ot -0123 


whence 


0 
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The angle of elevation is thus 

— a = 83° 34', or 7° o\ nearly. 

311 . Circular Motion with Uniform Speed.—When a body describes 

a circle of radius r with uniform speed it has an acceleration “ along 

the radius by Art. 272. If ca is the angular velocity of the radius 
through the particle, the acceleration can be written rol^ since v = /o). 

If the particle makes n revolutions per second, the angular velocity 
is 2nir radians per second. Hence the acceleration can also be expressed 
as 4;7/27r2. xhe three expressions for the acceleration are 


Suppose a light rod is free to turn about a smooth vertical axis, and 
suppose it carries a particle of mass /// at the end. Let the tension in 
the rod when it rotates with angular velocity m radians per sec. be T. 
Then considering the motion of the particle, we get, by resolving along 
the inward-drawn radius, 


In addition to this tension there is, of course, a shearing force and a 
bending moment in the rod due to the weight of the particle, and these 
stresses are not affected by the rotation. 

312 . Conical Pendulum. —A heavy particle is attached by a light 
string of length / to a fixed point. The particle describes a horizontal 
circle with the string at an angle a to the vertical. 
i| To find the time of a revolution. 

/ The particle describes a circle of radius 

/ /sin a. If <0 be the angular velocity of the radius 

M through the particle, and T the tension of the 

I string in poundals, we find, by resolving along 

/ the radius, 

f w/sin a. cu 2 = T sin a . . (i) 

I _and by resolving vertically, since there is no 

^ vertical acceleration, 

— T cos a = a . . , (2) 

Eliminating T from (r) and (2) 

mg ^ rnloF’a . . , (3) 


jmg 

Fig, 157. 


W'hence 


/ cos a h 


where h is the height of the cone described by the string. 
The time for one revolution is 
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If a is very small, this is nearly 



( 6 ) 


and it will be shown later that this is the time for a complete oscillation 
when the same body swings through a small arc in one plane. 

The equations are just the same for a locomotive on a railway 
curve as for the conical pendulum. But in this case T is the resultant 
thrust of the rails on the engine. If we write v for the speed of the 
train instead of / sin a .a>, equation (i) becomes 


w — = T sin G 

r 


where r denotes the radius of the curve. 
(2), gives ’ 


p2 

tan a = — 




This equation, together with 


which gives the angle which the resultant action of the rails on the 
engine makes with the vertical. Unless the track is banked up at the 
angle a with the horizontal, the reaction of the engine on the rails will 
have a component side thrust on the rails. 

Suppose the outer rail is raised above the inner rail, the sleepers 
being inclined at p to the horizontal. Then the lateral thrust of the 
engine on the rails towards the outside of the curve is equal to the 
component of — T up the slope of the sleepers. Let S denote thij 
thrust. Then 

S s= T sin (a — j 9 ) 


: sin (a — p) by (2) 

cos a \ / 

sin a cos 6 — cos a sin P 

: fft^ -T- 

cos a 



where W is written for the weight of the engine. 

313. Satellite describing a Circular Orbit about its Primary.— 
When any body revolves round a much larger body under the gravita¬ 
tional attraction of the larger body, the smaller body is called a satellite 
to the larger, and this latter is called the primary of the satellite. There 
are many examples of satellites in the solar system. All the planets are 
satellites to the sun ; the moon is a satellite to the earth. Jupiter has 
four large satellites and several smaller ones, Saturn has eight. Mars 
two, Uranus four. Since all these bodies are nearly spherical, they 
attract, and are attracted, like particles at their centres. In investigat¬ 
ing their motions we may, therefore, treat them as particles. We shall 
assume that the primary remains fixed while the satellite describes a 
circular orbit. We shall prove later that the larger body does not 
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remain quite fixed, and it is known from observation that the orbits are 
nearly circular ellipses. 

If m is the mass of the satellite, M that of the primary, r the distance 
between them, and k the constant of gravitation, the force acting on the 

smaller body is —g— towards the larger body, that is, along the radius 

of its circular orbit. The acceleration in the same direction is 
where co is the angular velocity. Hence the dynamical equation is 


nuijS^ = 


whence oF- — 

If r is the period of revolution 

\<J>, 


KVim 

• • • • (*) 

■ ” 7 "^" • • • 

kM 

... (2) 

^ . 

kM 

• • • • (3) 


If there are several satellites to the same primary, M is the same for 
each satellite. Consequently, for these satellites 

oc r®.(4) 


This relation between r and r is a direct consequence of the law of 
attraction. That is, if the attraction had varied as any other function 

of r but the equation (4) would not have been true. Now it is 

known from observation of the planets that (4) is true for their motion 
about their primary the sun. Conversely, it follows from (4) that the 
force of attraction does vary inversely as the square of the distance, 
as we will now prove. 

314 . It is easy to prove from (4) that the force varies inversely as 
if we assume the orbits circular. We will give the proof on account 


of its importance. 

r2 = Cr3.(5) 

Therefore ^2 ~ . 


Hence 


o 4772 I 

fiuxiF' = tn—7^ 

C 



( 7 ) 


and the left-hand side of (7) is equal to the force on the satellite. 

315 , Comparison between the Masses of Two Primaries,— 
Equation (3), Art. 313, combined with observations on the motions 
of the satellites of different bodies, enables us to find the ratio of the 
masses of these bodies. From this equation we get 


(0 
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If Ml, M2, ai-e the masses of two bodies, the distances ot a 

ijatellite to each body from its primary, T2, the periods of these 
satellites, then 



Ml = . . . . 

' K ri‘‘ 

... (a) 


_4ir2 

IV) Q - 

K T'if- 

. . ♦ ( 3 ) 

Hence 

• • • 

... ( 4 ) 


Example.— To cowparc the masses of the sun and earthy tve may take 
the sun and earth as one system and the earth and moon as the other. 

Then M^ is the earth’s mass, M2 the sun’s mass, 

rx = moon’s distance from earth = 240,000 miles, 

^2 = earth’s distance from sun = 92,000,000 miles, 

Ti = moon’s period = 27^ days, 
t 2 = earth’s period = 365^ days. 


Hence 


Ml V 24 / V3''>5r 

= 315,000 about.(5) 


This is not very accurate, because the sun’s and moon’s distances 
which we have used contain errors. The following is a more accurate 
calculation :— 

As the result of observations it is found that the earth subtends 
angles 57' 3" and 8*82" at the moon’s and sun’s mean distances respec¬ 
tively. Then it follows that 

. 8-82" . 57’3’' 

2^2 sin — z= earth’s diameter = 2ri sin ~ - — 


Whence 


^2 

n 


sin 


sin 


5/ 3 ^^ 

2 


57l3" 

8-82" 


3423 

8-82 


nearly 



This value of the ratio gives, by (4), 


M2 

Ml 


= 327,000 about 


(7) 


316 . As one more illustration we will work out the following 
example:— 

At what distance from the earth would a second satellite be if it 
revolved in exactly one year I 

Let r be its distance. Then, using the moon for comparison, 
equation (4), Art. 313, gives 



f* = 1,350,000 miles . . . 


Therefore 


• . (I) 
. • (2) 
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317. Motion in a Vertical Circle.—A particle P is describing the 

whole or part of a vertical circle of 
radius I at the end of a light string 
or rod attached to the centre. To 
find the tension in the string and 
the angular velocity of the particle in 
any position. 

Let 6 be the angle which the 
string or rod makes with vertical at 
any instant. The velocity of the 

particle is Let oj deqote the 

angular velocity of the particle in the 
lowest position. The work done on 
the particle from the lowest jjosition 
up to 6 is —mg{l — / cos 6 ). Equating 
this to the gain in kinetic energy, 
we get 



Fig. 158. 






■ ^ — cos 


0 ) 


Hence 


= -<^os0). . ( 3 ) 


This gives the angular velocity in terms of co and 6 , 


Hence 


m/[ 


Thus 


(3) 


(4) 


( iS 

= . 

T = mo cos 6 + ) 

= ;;//a>2 — — 3 cos 0 ) by (2) 

If OP is a rigid rod the particle will describe the complete 

circle provided ^ is never zero. Now is least w'hen @ = tt, and 

therefore, if it is positive for this value of 0 , it will be positive for all 
values of 0 - Hence, the condition that the particle should describe the 
complete circle is that the right-hand side of (2) should be positive when 
6 ~ TT. This gives 

mlufi > i.e, > four times w^eight of particle. . (5) 

With this condition we find that^ in the lowest position, where 
d = o, 

T > 4 ’^tg+ mg, i,e, > ^mg .(6) 

If, however, OP is a flexible string, the condition that the particle 
should describe the complete circle is that T should be always positive. 
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A negative value for T would mean a thrust, and a string cannot supply 
a thrust. Now T is least at the top, where ^ = tt, and this least value 
must be positive. That is, 

mlu}^ > ^mg .(7) 

With this condition we find that, at the lowest position, 

T > .(8) 

It should be noticed that in all cases the tension in the highest 
position is less than that in the lowest position by 6 mg, This follows 
directly from equation (4). 

If the angular velocity at the lowest point is too small to satisfy con¬ 
dition (7), then the particle cannot continue on the circle beyond the 

dd 

point at which T becomes zero. But it may happen that ^ becomes 

zero before T becomes zero. In the latter case the particle will return 
along the lower part of the circle, and will, in fact, oscillate about the 
lowest position. But if T vanishes before the velocity vanishes, then 
the particle leaves the circle and describes a portion of a parabola until 
the string becomes tight again. 

dd 

The critical case in which T and vanish at the same point is the 

case when the string comes to rest in the horizontal position. For 

dO 

equation (3) shows that, if T and — are zero at the same time, cos 0 

at 

must be zero, that is, d must be a right angle. If the string swings 
above the horizontal position, then, unless the condition (7) is satisfied, 
the particle will leave the circle. 

If a particle slides on the outside of a smooth circular cylinder 
only an outward thrust is possible. If R is the value of this thrust, we 
must put ~ R for T in the preceding equations for motion in a vertical 
circle. As long as the particle is on the circle R must be positive, 
and when the equations give a negative value of R, we know that this 
means that the particle has left the cylinder. Thus, if the particle starts 
with a negligible velocity in the highest position, equation (2) gives 


= 4?-.(9) 

< dd 

'~dV ~ ~ 

and — R = mg cos 0 + 4 * cos 0 ) 

sr + 3 cos 0).(ri) 


R is zero where cos 0 = — |, and below this point it is negative. 
Consequently the particle will leave the cylinder at this point and begin 
to describe a parabola in space. 

318 . Motion on any Smooth Curve under Gravity.—When a 
particle slides along a smooth curve under the action of any forces 
whatever, the constraining curve exerts a force perpendicular to the motion 
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at every instant. Consequently this force does no work. In writing 
down the energy equation we do not need, therefore, to take any 
account of the action of the curve. 

When the particle is in equilibrium the normal action of the curve is 
just enough to balance the external forces. The positions of equilibrium 
are therefore those in which the sum of the components of the external 
forces along the tangent to the curve is zero. If gravity is the only 
external force, the equilibrium positions are those points on the curve 
where the tangents are horizontal. 

Suppose the particle is sliding along a smooth curve under the action 
of gravity only. If the velocity is v at a height y above some fixed 


horizontal plane, the energy equation is 

Q. 

or 7'2 _j_ .^ 2 ) 


Thus the velocity depends only on the height of the particle and the 
initial velocity, which is involved in A. 

Suppose a particle is started from rest at P on the smooth curve in 
Fig. 159. It will not come to rest again till it reaches Q, the next point 



at the same height as P. If we measure j upwards from the horizontal 
plane through P, the energy equation takes the form 

2gy - o .(3) 

Since y is negative at all points between P and Q, the equation shows 
that 7^2 is positive in this region, and therefore the particle cannot come 
to rest before reaching Q. After the particle has come to rest at Q, it will 
fall back till it reaches P again, and then it will begin its career anew. 
With no air resistance and no friction the particle would go on for ever 
oscillating between P and Q. Since the speed is the same at the same 
point of the curve in whichever direction the particle is travelling, the 
time taken to go from P to Q is the same as that from Q to P. This 
time is not easy to calculate as a rule. 

319 . We will give here an expression for the time taken by a 
particle to slide along a smooth curve in a vertical plane. 

Let the equation of the curve referred to rectangular axes OX, OY, 
(the latter being vertical and positive downwards) be 

*=F 0 ').(*) 
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and suppose the A:-axis is taken at the height where the velocity 
is zero. I'he velocity at any point of the curve is 

v = .( 3 ) 

The time dt taken to describe a length ds of the curve is thus— 

.(3) 

< 2 g-y 

Hence the time taken to describe any finite arc is 

/= .(4) 

J V W 

Since a negative value of dt would be unreasonable, the sign of ds 
must always be taken positive. Thus, if a particle reverses its motion 
the arc must be measured backwards, that is, from the new starting- 
point. We can, however, adjust the sign of dt by leaving s exactly as 
it was for the forward motion, and taking the velocity to be — V 2gy, 
Since, in any curve, 

{dsY = (./.V)2 + + (^/| • . (5) 

it follows that 

. ( 6 ) 

-Jny 

the upper or lower sign being taken, according as y is increasing or 
decreasing. 

Along any finite portion of a curve where y is increasing with the 
motion of the particle 

. « 

For a portion of the curve where j is decreasing with the motion 
the sign of the right-band side of (7) must be reversed. 

Example. — 'lo find the time taken to slide down the curve 

4/ V \3 

.W 

from y = b y = c, assinning the velocity is due to a fall from the 
x-axis. 

.<’> 

. <■“) 


Therefore 
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EXAMPLES ON CHAPTER XIV 


[Take^ = 32’2 in foot-second units in these examples.] 

1. A gun can fire a projectile with a velocity of 1800 feet per second. 
What is its maximum range on a horizontal plane? 

[i9'i miles.J 

2. What is the maximum range, up a hillside with a slope of one in 
twenty, of a gun which fires its projectiles with a velocity of 600 feet per 
second ? 

[About 3550 yards.] 

3. When a gun is inclined at 5° to the horizontal it has a range of 4700 
yards. What must its inclination be to give a range of 5100 yards ? 

[5° 25 *'.] 

4. A bullet describing a nearly horizontal path with constant retardation 

moves over a space of 500 feet whilst its velocity falls from 1200 feet per 
second to 1000 feet per second: where was it when its velocity was 1100 
feet per second? (^London B.A., 1906.) 

[261’4 feet from the point where the velocity was 1200 feet.] 

5. A projectile has a horizontal range of 150 yards, and the time of flight 

is five seconds. Find the velocity of projection, assuming that the resistance 
of the air may be neglected. (London B.A .y 1906.) 

[120J feet per second.] 

6. A gun is firing from sea-level out to sea. It is then mounted in a 
battery h feet higher up and fired at the same elevation a. Show that its 
range is increased by the fraction 


of itself, V being the velocity of projection. (London B.Sc.y 1908.) 

7. If a particle passes through the points whose co-ordinates are (10, 9) 

and (20, 16) on its upward path, find the highest point reached and the 
horizontal range. (London B,A.f 1908.) 

[Greatest height = 25 feet. Horizontal range = 100 feet.] 

8. A projectile passes through the points (r^, ji), J2)> the origin 
being at the point of projection. Show that the angle of projection above 
the horizontal is given by 


tan ^ = 


^2^11 - 

- Xy) 


If a particle passes through the points (2300, 196&J) and (9200, 389^), the 
unit being a foot, find tan p and the velocity of projection. 

; i6io feet per second.] 

9. If, in the absence of resistance, the time of flight of a shot is T seconds 

over a range of X feet, prove that the elevation is tan~^ ; and determine 

the maximum height and the velocity of projection. 

Prove that the claim for a rifle that the bullet does not rise more than 
one inch in a range of 100 yards implies that the velocity must be greater 
than 2078 feet per second. (London Inter, Sa\y 1902.) 

10. At a distance of 4000 yards from the gunners and at right angles to 
the firing line is a wall 25 feet high on a horizontal plane. What is the 
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distance from the wall of the nearest point on the ground on the far side of 
the wall that can be hit by a projectile from a gun with a muzzle velocity of 
1000 feet per second ? 

[About 5*0 feet.] 

11. A heavy particle P is projected horizontally from the top A of a tower 
and strikes the level plane through the base of the tower at B. If the straight 
line AP be at every instant produced to cut the vertical through B in Q, prove 
that the point Q, during the motion, travels downwards with constant velocity 
equal to half the velocity due to the height of the tower. 

{Board of Education^ Stage JI., 1909.) 

12. A particle is projected at elevation a, and after t seconds it appears 
to have an elevation j8 as seen from the point of projection. Prove that its 
initial velocity was 

cos 

2 sin (a - P) 

{London B.Sc.y 1906.) 

13. A shot fired from a gun whose muzzle is close to the ground, just 

clears a man 6 feet high standing ten yards away, and imbeds itself in the 
hillside a quarter of a mile off. Show that the shot rises to a height above 
the ground which is certainly greater than 22 yards (if the resistance of the 
air is neglected.) {Lo 7 idon Inter, Sci.y 1905.) 

[The assumption is that the horizontal range is greater than quarter 
of a mile.] 

14. A gun with a muzzle velocity v is in such a position that it has to 
be fired through a rectangular aperture in a wall at a short distance a feet 
from the axle of the gun. If the upper horizontal edge of the aperture is h 
feet higher than the axle, show that the further boundary of the area com¬ 
manded by the gun is part of the ellipse 

g{<i^ + ^ga^y^ — 2v^ahx 


the origin being at the gun, and the jr-axis perpendicular to the wall. 

15. What is the period of a conical pendulum of length four feet when the 
string makes an angle of 30° with the vertical, and what is the tension of 
the string if the weight at the end is 5 lbs. ? 

[2*06 secs.; 577 lbs.] 

16. A light rod of length 2 feet makes 40 revolutions per minute about 
the vertical line through the upper end, and carries a mass of J J pounds at 
the lower end. If the rod is free to turn in its own vertical plane, find its 
inclination to the vertical wdien this inclination is constant, and find the 
tension in the rod. 

[23° 25^• 1*63 lbs.] 

17. If a locomotive of weight W is brought to rest on a railway curve of 
radius r which is banked up to suit a speed z', show that there is an inward 
lateral thrust on the ,rails of magnitude 


W 


2/2 

4 * 


18. If the maximum and minimum speeds of trains on a certain curve of 
radius r are v and u respectively, show that, if the track is banked up so that 
the sleepers are inclined at P to the horizontal, such that 


tan p = 


2/2 4. ^2 
2 ^ 


then the outer lateral thrust of the fastest train is equal to the inner lateral 
thrust of the slowest train, assuming their weights to be equal. 
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19. At a point on a railway where the speed of different trains vary 
between 25 and 50 miles per hour, and where the radius of curvature of the 
track is a quarter of a mile, find how much the outer rail must be raised 
above the inner to keep the maximum lateral thrust as low as possible, taking 
the widtli of the track as 56J inches. 

[4'45 inches.] 

20. If a body is attracted into the solar system from rest at a very great 
distance, show that the square of its velocity at distance r from the sun is 
twice the square of the velocity of a planet in a circular orbit of radius r. 
(The actions of the planets on the body are to be neglected.) 

21. Assuming that the period of the moon is 27*3 days and that the 
moon’s distance from the earth’s centre is sixty times the earth’s radius, 
find the period of a satellite which would just graze the earth’s surface. 

[84*6 mins.] 

22. Instead of the data of the last question assume that the acceleration 
of a grazing satellite is 32*2 feet per sec. per sec., and that the earth’s radius 
is 209 X io 5 feet, and thence find the period of the satellite. 

[84*4 mins.] 

23. If denotes the angular velocity of the earth, and r its radius, show 
‘hat the apparent weight of a mass of m pounds in latitude 6 is less than the 
earth’s attraction on it by ptro)^ cos^ 9 very nearly, and show that, at the 
equator, this is about of the whole weight. 

24. Assuming that the attraction of the earth is directed towards the 

centre and is constant at all points of its surface, prove that the deviation 
of the direction of gravity from the radius, due to the rotation of the earth, 
at a place in latitude varies as sin 20, and that its maximum value is 6' 
approximately. (^London B.Sc,^ *905.) 

[Resolve along and perpendicular to the meridian at the place. 
The components of the acceleration in these directions are 

f'O}^ 

cos 6 sin 9 and ra>2 cos^ 0 . The deviation is-sin 20 

approximately.] 

25. The distances of Jupiter’s four principal satellites from the centre of 
the planet, expressed in radii of Jupiter, are 5*6985, 9-0665, 14-462, and 
25*436 respectively. If the period of the outermost is 16-69 days, find the 
periods of the other three. 

[The observed periods are 1-77, 3-55, 7-55 days.] 

26. Prove that the period of a satellite in a circular orbit is 4V2 times 
as great as the time the satellite would take to fall from its orbit into the 
primary along a straight line. 

27. Prove that the time that would be required for any body to fall from 
a given distance into the sun is half the period of a planet in a circular orbit 
with a radius equal to half that distance from the sun. 

28. The distance between Jupiter and his outermost satellite subtends an 
angle of about 500-3'' at the sun’s centre. Deduce the ratio of the distance 
of Jupiter from the sun to the distance of this satellite from the planet. 
Thence, taking 16-69 days as the period of the satellite, and ix'86 years as 
the period of Jupiter, find the ratio of the sun’s to Jupiter’s mass. 

[1042.] 

29. The satellite Deimos describes its orbit about Mars in 30*30 hours, 
and the radius of this orbit, viewed at a distance equal to the distance of 
the earth from the sun, subtends an angle 32*35 seconds. By using the 
earth’s period find the ratio of the mass of the sun to the mass of Mars. 

[3,097,000.] 

3a If two equal masses, each equal to that of the sun, revolv^ about 
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their common centre of gravity in circular orbits, their distance apart being 
the same as the distance of the earth from the sun, what would be their 
common period of revolution ? 



of a year 


■] 


31. One of the feats of a trick cyclist is to ride inside a sphere, sometimes 
riding head downwards past the highest point. If the greatest velocity with 
which he can reach halfway up the sphere is 20 miles per hour, and if he 
does not pedal in the upper hemisphere, what is the diameter of the largest 
sphere in which he can perform his feat without losing contact with the 
sphere ? 


[About 17*8 feet.] 

3^. A particle is placed on the highest point of a smooth circle of radius 
r and is allowed to slide down (starting with a negligible velocity) ; ‘find the 
position of the directrix and the focus of the parabola which it describes 
after leaving the circle. {Board of Education^ Stage I 11.^ 1907-) 

[The directrix is the tangent at the top of the circle. The focus is 
8 K a/c 

— r below this, and -— -r from the vertical diameter on the side 
27 .27 

towards the particle.] 

33. A heavy particle hangs from a point O by a string of length a. It is 
projected horizontally with velocity v such that 7/2 = (2 + Show 

that the string becomes slack when it has described an angle 


'“-'(-73) 


and that the subsequent path of the particle passes through O. 

{Board of Education^ Stage IIL^ 1909.) 

34. A particle at the end of a string of length /, the upper end of which 
is fixed, is projected horizontally with the velocity f ngl. If the string 
becomes slack before the particle reaches the top of the circle, show that it 


does so at a height -(i + n) above the lowest point. 


Prove also that the 


vertex of the parabola that it afterwards describes is higher than the point 

of projection by —(i + w)2(8 — »). 

54 


35. A particle, fastened to the end of a string 6 feet long, is projected 
from its lowest position with a horizontal velocity of 25 feet per second. 
Find the position of the vertex of the parabola it describes after leaving 
the circle. 

[At or = 4*540 feet, y = 9*496 feet, the origin being at the starting 
point, and the Ji'-axis in the direction of projection.] 

36. A rod of length 4 feet carries masses of 10 and 14 pounds at its ends, and 
its own mass is negligible in comparison. The rod rotates about a smooth 
horizontal axis through its middle point, and when the 14-pound mass is in 
the lowest position its velocity is 30 feet per second. Find, by means of the 
energy equation, the square of the velocity of the particles when the rod 
has turned through the angle B from this position, and find the tensions in 
the two portions of the rod. 

[The tensions are approximately 

191*0 -f 187 cos B lbs. on the larger mass, 
and 136*4 — 67 cos B lbs. on the smaller mass.] 
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37. A body rotates with uniform angular acceleration a. If is the 
angular velocity when the body has turned through the angle 0 from rest 
prove that a>2 = 2a6. 

38. A light rod of length r, with one end fixed and a mass attached to 
the other end, rotates with constant acceleration a in a vertical plane. 
What angle has the rod described past the lowest position when the tension 
in the rod is a minimum ? 

[ 2 ra 
The obtuse angle 

39. On one spoke of a bicycle wheel of radius r is a smooth ring which 
is free to slide along the spoke. If the wheel starts from rest with the ring 
in the lowest position, and rotates with the minimum angular acceleration 
necessary to keep the ring in contact with the rim, show that the angle tf) 
through which the wheel has turned when the ring exerts no pressure on the 
rim is the least positive solution of the equation 

^ — cot <f> 

Verify that the required solution is = 2798, and find the minimum angular 
acceleration when r = 13 inches. 

[5*006 radians per sec. per sec.] 

40. Obtain the expressions v for the tangential and normal 

accelerations of a particle describing a plain curve. 

A particle oscillates on a smooth arc of a parabola, coming to rest at 
the ends of the latus rectum, which is horizontal. Prove that the pressure 
on the curve at the vertex (which is the lowest-point) will be twice the 
weight. {Manchester University^ 1907.) 

41. A particle slides on the curve 

r = 2^a{y-a) 

with a velocity due to a fall from the x-axis, which is horizontal, the 
^'-axis being downwards. Find the time of sliding homy =1 d toy — c, 

42. A particle slides down the curve 



with a velocity due to a fall from the jr-axis, which is horizontal. Find 
the time taken from^ == nd toy = mb. 

I2\/ Vw ijn /J 

43. A particle slides down the curve 



with a velocity •J'lgy at the point {x^yy> Find the time taken from^ = o 
to = na. 
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44. If the co-ordinates of a point on a curve are ex pres sed in terms of 
a single variable and if the velocity at any point is fj2gy^ prove that the 
lime of sliding from is 


. rVi(ST^(S)’L 

Show that the time taken for a particle to slide from B - Bi Xo B — o 
down the cycloid 

X - a{B -it sin B) 
y ~ a{\ cos B) 


with a velocity 



45. Prove that the time taken by a particle to slide from B = P to 
B — o down the cycloid 


X = a{B + sin B) 
y ■= a{cQs B - cos 




with a velocity V 2gy is 




CHAPTER XV 


MOTION OF A PARTICLE SUBJECT TO RES/STANCES 
DEPENDING ON THE VELOCITY 

320 . When a body moves in a fluid such as air or water, a re¬ 
sistance is brought into action which depends on the velocity of motion 
relative to the fluid, and increases as this velocity increases. No 
simple formula will express this resistance in terms of velocity. The 
resistance depends also on the shape of the moving body, and on its 
position relative to the direction of motion. Attempts have been made 
to express the resistance by a power of the velocity multiplied by a 
constant, but it is found that a different power is needed for different 
velocities. Thus for very small relative velocities, up to a few feet per 
second, it is found that the resistance offered by a liquid or a gas to a 
body moving through it is approximately proportional to the first power of 
the velocity. For greater velocities the resistance is roughly represented 
by a quantity proportional to the square of the velocity. 

According to Bashforlh’s experiments ^ on the resistance of air to the 
motion of shot, when the velocity lies between 1150 and 1300 feet per 
second the resistance varies almost exactly as the cube of the velocity ; 
for velocities above 1400 feet per second the resistance varies as the 
square of the velocity, and for velocities below 800 feet per second the 
resistance is roughly proportional to the square of the velocity. 

321. Terminal Velocities for Bodies falling in Air. —Let us con¬ 
sider the case of a body falling under gravity, and retarded by an air 
resistance represented by J(u) per unit mass when the body has a 
velocity u. Assuming what is always true in reality, namely, that/(u) 
increases as « increases, we shall show that there is a limit to the 
velocity acquired by a body falling from rest in still air. 

For downward motion the dynamical equation for each unit 
mass is 

du . . . 

.(') 

At first f(ti) is zero, for there can clearly be no air resistance when 
there is no motion. The acceleration is therefore g at first, but as the 
body gains velocity f{u) increases. As long as^ is greater than f{u)^ 
the velocity goes on increasing, but there is a certain velocity V which 


^ Bashforth’s ** Motion of Projectiles, with Supplement.** 
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makesy’(V) = g. If 21 ever reaches V it can certainly never exceed 
this value. For when 21 the right-hand side of (i) is zero, and 
consequently w ceases to increase. 

If the body starts wdth a downward velocity greater than V the 

du 

right-hand side of (i) is negative. Consequently is negative and 22 

is decreasing, and this will go on until/(«) = that is, until 2/ = V as 
before. Thus, whatever be the initial downward velocity the final 
velocity approaches V, which is found from the equation 


/(V)=^ 


(2) 


Since f{2i) increases w'ith 21 there can only be one solution of (2). 
The velocity V is called the terminal velocity for the body. 

322 . There are many examples of bodies having a terminal 
velocity. One of the most familiar is that of falling snow-flakes. 
These never reach the ground with a velocity greater than a few feet 
per second although they may have fallen from a height of several 
thousand feet. The same thing can be observed in the falling of any 
light body. If a small feather is dropped from a height of eight feet, it 
is easy enough to see that it has practically a uniform velocity for the 
last four or five feet of its fall. 

323 . It is obvious that the resistance cannot depend on the 
material of a body. It can only depend on its size and shape as 
well as its velocity. Hence, if two bodies of the same size and shape 
but different weights are allowed to fall they will not have the same 
terminal velocity. If F(z/) denotes the whole resistance on each body 
at velocity the resistances per unit mass are 


;//2 


(i) 


respectively, where and ?n^ are the masses of the tw^o bodies. The 
terminal velocities in the two cases are given by 


F(Vi) = m^g\ 
F(V2) = m^gS 


. . (2) 


and for the sort of resistance we have been considering this gives the 
greater terminal velocity to the greater mass. For this reason a lead 
ball will fall much quicker than a wooden one of the same size, and a 
solid ball quicker than a hollow one of the same material and size. 

324. Influence of Size of Body on Terminal Velocity.—The in¬ 
fluence of size on the terminal velocity of a body is very important. 
Let us consider the motion of a sphere since, on account of symmetry, 
a sphere may be treated as a particle. It may be assumed that the air 
resistance is proportional to the area presented to the air, which area is 
proportional to the square of the radius of the sphere. But the weight 
of a sphere of given material is proportional to the cube of t he radius. 
Hence the weight and the resistance may be represented by kr^ and 

X 
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r^¥{u) respectively, k being a constant for the same material. These two 
forces are equal when = V, the terminal velocity. Thus 


F(V) = >&r.(i) 

But since F(«) increases with it follows from (i) that the greater r is 
the greater will be the value of V. Small values of r give small values of 
V, and that is the reason why small specks of any kind of matter can 
hang in the air in the form of dust with very little velocity relative to 
the air. Their terminal velocities are extremely small, and they are 
acquired in a very short time, so that the slightest air current carries the 
particles with it 

325. Expression for Resistance with Negative Velocities. —If 
the resistance per unit mass is f{u) when u is positive, the magnitude of 
the resistance when u is negative is But since reversing the 

velocity reverses the direction of the resistance the expression for the 
resistance in the positive direction when u is negative is —/( — u). Thus 
the equation of motion when the downward velocity u is positive is 



^=.?-/(»). 

. . . . (i) 

and when u is negative 

. . . . 

, . . . (2) 


These two equations will be the same in particular cases, namely, 
when 

/(-«)=-/(«).(3) 


in which case /(u) is called an odd function of //. The relation (3) is 
true for any function containing only odd powers of u; but if there are 
any even powers in /(u) it will not be true, and in that case a different 
equation must be used for upward and downward motion. 

326 . Resistance proportional to Velocity —If the only force besides 
the resistance is gravity, the equation of motion is 


du 

Tt 




ku 


(0 


k being a constant, and u the velocity taken positive downwards. 

Equation (i) remains unaltered for upward motion provided we 
regard an upward velocity as negative. When u is negative the 
force —^2/ on unit mass is a positive force, that is, a downward force, 
and that is quite correct because the resistance is contrary to the 
motion. 

From (i) we get 

—du ^ ^ 

^ . 

d 

^•log, --i. 

-it + log^c .... 


that is. 
Hence 


(») 

(3) 

(4) 
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^he constant of integration being written log^ C for convenience of 
notation merely. 

From (4) we get g — ku - Ce-^ . (5) 

dx ... . 

Writing for u in this equation and integrating again, 

C 

kx^ gt + D.(6) 


If X is the displacement measured from the instant when / = o, we 
find, on putting x and / zero in (6), 



. 

... (7) 

Hence 

(1 

1 

M 

1 

t 

. . . (8) 


Equation (5) shows that ku == g when / = 00. This gives the 
velocity which we have called the terminal velocity, and it agrees with 
the result arrived at by general reasoning in Art. 321. Writing V for 

g 

the terminal velocity equation (8) takes the form 


v) .(9) 

= V/— b(i — <f“v).(ro) 


V2 

where B is written for the constant C « . 

r 

dx 

If -7: = o when / = o, we find, by differentiating (10) and putting 


in these values, that B = — In this case, therefore, 


V2/ ^e\ 

4; = V/- .(Ii) 

Thus suppose the terminal velocity is 8 feet per second, then the 
displacement from rest is 

a: = 8 / — 2(1 — e-^^) .(12) 

dx 

and . 


At the end of half a second from the start the velocity is 6*92 feet per 
second, and at the end of two seconds it is 7*997 feet per second. 
Thus the velocity rapidly approaches its terminal value 8. 

If the initial downward velocity was greater than the terminal 

velocity f, the constant C which occurs in (5) must be negative. 
k 

This shows that a is always greater than V, but quickly approaches this 
value as before. 
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327. Besistance proportional to the Square of the Velocity. —For 
downward motion the equation is— 

. (») 


Writing V for the terminal velocity (Art. 321), we get, on 

^ k 

removing k from (i), 

. (.) 

= .( 3 ) 

Integrating with respect to /, 

^ log^ = + ^ constant. (4) 


Therefore 


V 4- w 


from which 


u A/f^ 


gi __gt 


V 2(/f gt _^gt' 

ke^ + I Ad>v + ^ V 


Writing for //and integrating, we find 

^ V. . -?r 


log \ ke^' 4- ^^— log B 


V { ^} 

= ~log B\ke^-he vj 


The constant of integration is written ~~ logc B in (7) for convenience. 

_ 9 t 

When / is very great e v is very small, and in this case (6) shows 

that u = Y nearly, which verifies that-^/^^^^ terminal velocity. 

If u = o when /* = o, (5) shows that A = i. If also .r = o when 
/ = o, (7) shows that B = i. Idien 


u — I 

Y ~%gl 

A” + I 


i £? 

:\^v + e~y) 


V zt 

7 log. cosh ^ 


( 9 ) 
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Suppose the terminal velocity is 192 feet per second. Then 


— 1 


+ 


(10) 


When /■ = 3 secs, this gives u = o'462V = 88'7 feet per sec., 

and when / = 12 secs. u — 0 964V = 185 feet per sec. 


When the velocity is negative (i.e. upward) the equation of motion is 
dt ^ V2' 




Hence, on integrating, 


I , ^ , 

— tan ^ — A) . 


(12) 


u 9 

and therefore ~ = tan — A).(13) 

Integrating again to get the downward displacement .r, 

- V " I' f ^® 

V 9 

= 7 B cos - A).(14) 

Since u is negative when / = o, (13) shows that A is positive. When 
t is zero, and then the body begins to move downward. The 

equations for downward motion must be used after this. 

328. The Path of a Projectile assuming the Resistance to be 
proportional to the Velocity. —Let v and u be the downward and 
horizontal components of the velocity at any instant. Since the resist- 
ance always acts in the same line as the velocity and is proportional to 
the velocity, its components parallel to the axes will be proportional 
to the components of the velocity. That is, the horizontal and vertical 
resistances are ku and kv respectively. 

The equations of motion are therefore, for unit mass, 


dv , 

-^^=g-kv. . . . 

. . . . (i) 

du 

. . . . ( 2 ) 

dt 


Equation (i) is of exactly the same type as (i) in Art. 326. If j is 
the downward displacement from the instant when / was zero, equation 
(8) of that article gives 

j'Sc'.(3) 


, . \ du 

Again, from (2) 


(4) 
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Therefore 

log^ U = —kt + log^ l/Q ... . 

• • • (5) 

where Uq is the initial horizontal velocity. 


Equation (5) gives 

II 

II 

1 

... (6) 


whence 




(7) 


Uq 

the constant — being added so as to make x 


o when / = o. 


Equation (7) shows that the horizontal displacement can never 

exceed • Also from (6) the horizontal velocity rapidly approaches 

zero unless k is an extremely small quantity. 

It should be noticed, also, that the horizontal and the vertical motion 
are quite independent. The vertical velocity and displacement can be 
determined completely from the initial vertical velocity without any 
reference to the horizontal velocity. 

Since the vertical velocity quickly approaches the terminal velocity 

tr 

I, and the horizontal velocity as quickly approaches zero, it follows that 
after a short time the body is moving nearly vertically with a velocity 


t/o 

In fact, the path has a vertical asymptote at a distance from the 

Starting-point. We shall denote by a. 

Eliminating / from (3) and (7), we get the equation to the path— 






Cx 

* * 


. . ( 8 ) 


The constant C depends on the initial vertical velocity; or it can be 

dy 

determined from the direction of projection by equating ^ when x = o 

to the tangent of the angle of projection below the horizontal. 

329. Downward Vertical Motion with Resistance proportional to 
the n*^ Power of the Velocity. —We cannot find the displacement in 
this case, but we can express the time in terms of the velocity by an 
infinite series which is not very bad to manage. 

The equation for unit mass is 

du 

.(0 

The terminal velocity V is the value of u which makes the resistance 
equal to Thus 




' (2^ 
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Hence (i) can be written 
du 

- -s-s—^ 


(3) 


or 


dt 

^du 


V" 


Integrating, 


1 11. 4. - " 4. 

* + yn + y2n + y3n 


I I 

C^gt^u+ ^ ^ -- -f -- 

n + i 2«4-i V 


“f” • • • • 


4 / 2 n ■♦•1 

■ 2 „ + 


(4) 


• ( 5 ) 


If the body falls from rest, so that / = o when w == o, then C = o, 
and therefore 


Suppose « = 3, and we want to find the time taken for the body to 
acquire the velocity from rest. From (6) we get 

gt = ^V{ I + KD® + T(i-)« + + • • •} 

= 0‘5I7V.(7) 

If now V = 1000 feet per sec., the required time is 

/= m = 15 seconds roughly .... ( 8 ) 

If we take « = 2, we get 

^/ = iv{i 4 -K ^)2 + i©* + ia)« + ...} 

= iV(i-o98).(9) 

This can be verified by the results proved in Art.'327. Thus il 
/ = o when = o, the constant in equation (4) of that article is zero. 
Hence 

g I , V 4 - ^ , 

V2^ ~ 2V . 

Putting « = 5V, this gives 

gt = JV log. 3 

= iV(r303) logic 3 = 4 V(i-o 98) • • • (n) 

which agrees with (9). 

We cannot very easily solve (5) for u in terms of / so as to be able 
to get the displacement. But we can easily express the downward 
displacement x in terms of u. Thus, from (3) 
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Therefore 


udu 




whence 


I + 


V" 


« 2 » _ \ 
+ -T2»+---) 


+ B = ^ 


lu 


2n -h 2 


Vvj 


+ 



We have now got / and x both expressed in terms of a single 
variable u. Although it would not be easy to express^ in terms of /, it 
would nevertheless be quite easy to plot a curve giving x against / by 
giving values to u and calculating x and t from equations (13) and (6). 


EXAMPLES ON CHAPTER XV 

1. Suppose the resistance of the air to a body moving through it is 
/tv*', where V denotes the relative velocity of body and air. If « = i, prove 
that a wind at right angles to a road along which a cyclist is riding does 
not affect the component of the air-resistance in the direction of motion ; 
whereas, if «>-i the wind increases the component resistance. If the 
wind velocity is u perpendicular to the road, and the rider’s velocity 2/, find 
this component resistance. Also take « = 2 and compare the resistance 
when 2/ = 27/ with resistance when « = o and v has the same value. 

n — JL 

[Resistance = ^ ; the resistance when u — 2v is 

times the resistance when u — o.] 

2. If V be the terminal velocity for a particle of mass m falling against a 
resistance proportional to the square of the velocity, prove that the kinetic 
energy acquired in falling through h feet from rest is 

{ 2gh\ 

1 - e ) 

Show graphically how this varies with and compare with the case of 
no resistance. {Manchester University^ 1906.) 

[The kinetic energy with no resistance is which would give a 

straight line with h as abscissa, and this straight line would touch 
the curve for resisted motion at the origin.] 

3. Express the square of the velocity, of a body moving upwards 
against a resistance proportional to the square of the velocity, in terms ol 
the distance, jr, from the highest point and the terminal velocity V. 

U * - 0.] 

4. A body is projected upward with a velocity v against a resistance 
proportional to the square of the velocity. If V is the terminal velocity of 
the body, and m its mass, find the loss of kinetic energy when the body has 
fallen back to the point of projection. 
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5. When a body falls from rest against a resistance proportional to the 
square of the velocity, show that the time can be expressed in terms of the 
space thus 

V being the terminal velocity. 

6. If V and V are the velocity of projection and the terminal velocity 
respectively of a body rising vertically against a resistance varying as the 
square of the velocity, prove that the time taken to reach the highest 
point is 



7. A body is projected upward with a velocity of 40 feet per second. If 
the air resistance be assumed to vary as the square of the velocity, and if 
the terminal velocity is 120 feet per second, calculate 

(1) the greatest height it will reach ; 

(2) the time it will take to reach that height ; 

(3) the time it will take to fall back to the starting-point; 

(4) the velocity at the starting-point on the return. 

[(i) 23*5 feet; (2) 1*20 seconds ; (3) 1*23 seconds ; (4) 37'95 feet per 
second.] 

8. Prove that the time required by a body to reach a given fraction,/, 
of its terminal velocity, when it is dropped from rest and acted on by gravity 
and a resistance proportional to any power of the velocity, is proportional 
to that terminal velocity. 

If the body has a terminal velocity of four feet per second against a 
resistance proportional to the square of the velocity, how long will it take to 
acquire a velocity of 3*9 feet per second? 

[For the first part put u = rV, and show that the time is 

for a resistance proportional to u^. Answer to second part is 
0*273 second,] 

9. Two spheres of the same material but different radii are dropped 
from the surface of deep water, the resistance in which may be taken to vary 
as the square of the velocity. Show that their terminal velocities will be 
proportional to the square roots of their radii. 

If R, r, are the radii of the two spheres, show that the displacement 

of the first in/^/R seconds is ^ times the displacement of the second in 
t/Jr seconds. 

10. A particle, acted on by gravity, is projected with a velocity v and at 
inclination a [upward] in a uniform medium in which the resistance varies 
as the velocity. Find the altitude of the particle at a given time, and show 
that it is a maximum at time 

where k is the resistance per unit mass experienced by the body when it is 
moving with unit velocity. {Board of Education^ Stage IIL^ 1909.) 

11. When there is no wind a snowflake has a terminal velocity V. 
Assuming that the air resistance on the flake varies as the first power of the 
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relative velocity, find the vertical and horizontal displacements of the flake 
from rest when a wind is blowing with a steady velocity r, and show that the 
path is a straight line. 

r V^f cVf ^9A 

= v^j X - ct -- ~\i - e vy. The equation to 

V 

the path is >' = —x, 

12 . If V denotes the resultant velocity, at any instant, of a projectile of 
mass m moving against a constant resistance, R, and acted on by gravity, 
prove that 

~ Ri 

where and s are respectively the upward displacement and the length of 
curve described since the velocity was Vq. 

13. Let Vy Uy denote the upward velocity and the horizontal velocity of 
any projectile. Prove that, whatever be the law of resistance, 

log^ + a constant 

If R is the resistance per unit mass, and s the length of the curve described 
from any starting-point, prove also that 

\{v^ + u^) gy — — /R^/j + a constant 

y being the height of the projectile above a fixed horizontal plane. 

14. A particle is projected in a medium whose resistance is proportional 
to the cube of the velocity, and no other forces act on the particle ; while the 
velocity diminishes from Vi to V2 the particle traverses a distance d in time /. 
Show that 

d _ 2V1V2 
/ ~ z'l -f Z'2 

{^London B.Sc.y 1911.) 

15. When a body moves in a flat trajectory against a resistance varying 
as the cu^"e of the velocity, the vertical and horizontal components of the 
resistance per unit mass may be taken as kvu^ and ktt^y where v and u are 
the component velocities in the same directions. If the initial values of v 
and u are z'o and //q, show that 

X - 2J/q{ c) - c] 

and y=- + f)® + 2 (ct + c^)Hvo + 

where c is written for g , and y denotes the upward displacement. 

Prove also that 



Take c = 3*1939, uq = 1357 feet per second, vq - uq tan 2®, and find i 
and X at the highest point of the trajectory. 

[This example is worked out by a much more laborious, but more 
exact, method in Bashforth’s “ Motiop of Projectiles,” p. $6. His 
results are 1*340 seconds, and 1660 feet, whereas the preceding 
gives 1*328 seconds and 1645 leet.] 



CHAPTER XVI 

SMALL OSCILLATIONS OF A PARTICLE 


330 . The Simple Pendulum.—^We have already worked out some 
examples on the oscillation of particles assuming the motion to be 
rectilinear. We are now going to investigate oscillations allowing for 
motion in two dimensions. 

We shall first work out the motion in a particular but important 
case, namely, that of a simple pendulum. A simple pendulum is a 
heavy piarticle swinging in one plane at the end of a light string or rod. 
An ideal simple pendulum does not exist, but a ball of lead with a 
diameter of about half an inch swinging at the end of a light string 
about a yard long is very nearly an ideal pendulum. 

When the string makes an angle B with the vertical the velocity of 
dd 

the particle is , / being the length of the string. If m is the mass 
of the particle, the equation obtained by resolving along the tangent is 

ml-~^^mgsind .(i) 


Now we are dealing with small oscillations, so that we may assume 
6 to be always small. And for small angles the sine is very nearly 
equal to the radian measure of the angle. For example, sin 30° is 
0*5000 and the radian measure of 30° is 0 5 24, and 30° is a large angle 
for pendulum oscillations. 

Putting, therefore, 9 for sin ^ in (i), we get 


d^e 



(») 


This type of equation has been solved in Art. 292, and its solution 
can be written 


e = a sin + ^).(3) 


where a and j8 are constants of integration. 
The time for a complete oscillation is 



The constant a is the amplitude of 9 , Thus the string swings from an 
angle a on one side to a on the other side of the vertical. 

By observing r for a simple pendulum and measuring / the equation 
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(4) will give,^. There are more accurate methods of finding^than by 
the simple pendulum, but a very good value can be obtained by this 
means. The error need not be more than 0*5 per cent, if the oscilla¬ 
tions are srflall—not more than 10 ^, say, from.the vertical. To get t the 
time for fifty or a hundred oscillations should be observed. Then g is 
calculated from the formula 

47r2/ 

-2 .(5) 


331. Integration of the Accurate Equation for a Simple Pen¬ 
dulum. —The accurate relation between t and 6 at any instant can only 
be expressed in terms of elliptic integrals. Nevertheless, the period of 
a complete oscillation can be expressed in an infinite series of powers 
ct 

of sin - , which series always converges fairly rapidly. 

Multiplying both sides of equation (i) of last article by ~ 

w/ 


■ dfi 

dUde\^ 


-/sin 4" 
/ dt 




Integrating wdth respect to /, 

(|)'= 25 cOS 0 +C 


If a is the amplitude for that is, the value of B when — == o, we 

at 


find that C 


-2^ cos a. Whence 

= si2 sin 2 ~ — 2 sin 2 
l\ 2 2/ 


Therefore 




^{sin2?_sin2^) 


. . • (5) 


The time taken by the pendulum from the lowest position to that 
where 0 = a is clearly a quarter of the complete period. Hence, 

denoting the complete period by r, and writing a for sin ^ for the 

sake of brevity. 
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Now putting 

. 6 
sin - = 
2 

a sin 0. 

(7) 

we find 

^(«2_sin2?) = 

a cos ^. 

(8) 

and 

i cos ^ dd = 
2 

O' cos (j)d(j} • • • » • 

(9) 


Also the limits for <f> are o and ^ • Hence 


n- 



= 4 + ^<22 sin2 ^ 4. ~ sin^ 4 - • . ^ d ( f > . (10) 


This last step is performed by expanding (1—^2 sin by the 
binomial theorem. 

Now it is proved in works on the integral calculus that 


n 1 (2« — l){2n — 3 . I TT . . 

^^- . (11) 

2n{2n — 2) ... 4.2 2 


Hence 


n 

r 


V/ 2\ 2 22.4 3.4 / 

/ l2 l2 . “22 \ 

= ZTT^I + . .j .... (12) 


The value of r given by the approximate method of the last article 
is just what we get by omitting all except the first term of the above 
series. 

In order to ^how the error in the approximate result, we give here 
the value of r when a = 10° and when a = 60®. 

Taking a = lo'^, then 


sin ~ = '08716 
2 



and 




3i8 mechanics of particles and rigid bodies 


Taking a = 6o°, 


and 


a 

sm - = 


2 


i 



In the first case the error in taking only the first term is less than 
0*2 per cent., and in-the second case, for so large an oscillation as 6o° 
from the vertical, the error is only 7 per cent. 

332. Small Oscillations of a Particle about a Position of Stable 
Equilibrium on any Smooth Curve. —The particle P is constrained to 

move on the smooth curve BAB'. A, a 
point of minimum height on the curve, is 
a position of stable equilibrium. If the 
particle be slightly displaced from A it 
will fall back to A and then shoot 
beyond in consequence of the velocity 
acquired in falling. Then it will fall 
back again, and thus it will go on oscil¬ 
lating for ever if there is no friction. 

AT is the tangent at A and is hori¬ 
zontal, PT is the tangent at P, and PC 
is the normal at P meeting the normal at 
A in C. When the angle 0 between the normals at A and P is 
infinitely small, C becomes the centre of curvature of the curve at A, 
and AC becomes the radius of curvature. 

Denoting the arc AP by s it is clear that, for small values of */r, 

j* = AC. ^ nearly.(i) 

ifp is the radius of curvature at A, there is very little error in 
putting p for AC. Hence 

s = nearly.(2) 

The dynamical equation for the motion of P along the tangent at 
P is 

w/ — = — sin 0 nearly 

= — nearly.(3) 

That is. .(4) 

for small oscillations. 

This is the same type of equation as the one for small oscillations of 
a simple pendulum (Art. 330, equation 2). The solution is 

j = A sin ^ 



(S) 
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and the time of oscillation is 


r = ^ 


Thus the particle oscillates in the same time as a pendulum of 
length p. The simple pendulum is included in the preceding as a 
particular case. 

Example i.— 7 b find the time of oscillation of a particle about the 
lowest point of the smooth curve 

j sin 4^1.(7) 

s being measured from the lowest point. 


Here p j^z=^a cos 4^ .(8) 

The value of p at the lowest point of the curve, that is, the point 
where ^ = o, is 

p = 4a 


Hence 


= ^ ^.f?) 


Example 2.—To find the time of oscillation abotit the lowest point oj 
the curve 

4ay .(10) 

the y-axis being upwards. 

The formula for radius of curvature is 


From (10) 


„ ( ' ^dxi 3 

^ (Oy 

dx^ 

dy X d^y __ i 

dx 2d dx"^ 2a 


Putting = o in the expression for ^ and substituting in (ii), we 
get the value of p at the lowest point. Thus 

p=2a .(13) 


Hence 


/ 2a 


Example 3. —Find the period of oscillation about the minimum point 
of the curve 

6a^y = 2x^ — ^x^a — s6xa^ 

Here 6 a^ ™ — (>xa — 36^52 

dx 

= 6{x — sa)(x + 2 a) 

^d^y 

6 a^ y=I:=i2x — 6 a 
dx^ 


and 
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The minimum point is at x = 3^^, and at this point 

i^y == 5 

dx^ a 

and therefore p = ? 

5 _ 

Consequently the period of oscillation is 27 t^/ — . 

^ SC 

333. Isochronous Pendulum. —In the last article the time of a small 
oscillation of a particle on a smooth curve is calculated. But, just as 
for the circular pendulum, the time is generally only approximately 
correct, and for large oscillations it will depend on the amplitude. But 
there is one type of curve on which the oscillations are absolutely 
independent of amplitude. 

As in the last article, the equation of motion along the tangent is 

.(») 

Now, if the intrinsic equation of the curve is 

i- =: / sin ^.(2) 

then the above equation of motion becomes 

ir 


ay _ 
dt^ “ 


and we know that this indicates oscillatory motion with a period 


This is exact for small or large oscillations. 

Equation (2) is the equation of a cycloid, and this cycloid is the 
curve described by a point on the circumference of a circle of radius \l 
which rolls on the lower side of a horizontal line. The oscillations on 
a cycloidal arc are called isochronous^ because the period is the same 
for large or small oscillations. 

334 . The Equation of a Cycloid.—Let PCC' be a circle of radius a 

which rolls on the line 

■ _ ^ ^ APM is the curve 

} described by P in this 
/ \ y motion. 

{ Since C is the in- 

V stantaneous centre of 

_ V__ __ rotation, the direction of 

A Of motion of P is perpen- 

dicular to CP, Hence 
the tangent to the path 
of P is PC', which is perpendicular to CP. It is easy to prove from the 

figure that 0 . 
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The angular displacement of the circle from the position where OP 
was vertical is Q, When the circle turns through an additional angle 
ddy the displacement of P is CP. dO^ because there is an instantaneous 


rotation about C. Thus the displacement of P is 

B 6\ 

2 a cos ~ ^61 = 4^ cos ipdy ~j 

= 4a cos ijjdifj .(I) 

If ds is the length of the arc described by P in this small motion, 

ds == 4a cos t/jdiJj .(2) 

Hence j = 4^ sin ^.(3) 

no constant being needed if s is measured from A, where ip = o. 


The student will probably think that CP turns through and 

therefore that ds = CP, d(^-J. But CP must be supposed rigidly 

attached to the circle, and if one line turns through dB every other line 
turns through the same angle. Another way of looking at the question 
is this : the displacement of P is to the displacement of O as CP is to 
CO. But the displacement of O is clearly CO . dB, Hence the displace¬ 
ment of P is CP . dB. 

335. Since perfectly smooth bodies do not exist, it would not be 
possible to realise the motion we have been investigating by allowing a 


M 



particle to slide on any body in the form of a cycloid. But there is a 
simple mechanical way of removing almost all frictional resistances 
except that of the air, and this we shall now explain. 

Suppose a particle P is carried by a light string of length /, the 
upper end of which is attached to M, the cusp of two similar cycloids 
whose equations are j- = / sin fp. The particle oscillates in the plane 
of the cycloids, and during the motion the string is wrapped on each 
curve in turn. Under these circumstances P describes a cycloid 

V 
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exactly equal to each of the guiding curves. Let s\ 0 ', refer to the 
curve described by P; s, to the curve MB, whose equation is 

j = / sin tp. At M, where ^ s is equal to /; that is, the arc 
BM = /, the length of the string. Consequently 

PQ = arc BQ = / sin ^.(i) 

But since the motion of P is perpendicular to QP, we find that 

f ^ 

Hence PQ = / cos if/ . (a) 

When t/f' increases by dip' the line PQ turns through the same angle dip 
as PT turns through, because these lines are at right angles. If ds' is 
the arc described by P in this small motion, 

ds' = PQ . d^ == / cos ip'dip' .(3) 

Hence d = / sinip' .(4) 

is the equation of the curve described by P, provided d is measured 
from the lowest point A. And this is the same form of equation as 
that of each guiding curve. 

The pendulum formed in this way would oscillate in the same 
period for all possible amplitudes. 

336. General Method of dealing with Small OsoillationB of 
a Particle about a Position of Stable Equilibrium. —Suppose a 
particle, acted on by known forces, is constrained to move along a 
given curve. If there are no frictional resistances the reaction of the 
constraining curve will be along the normal, and the external forces will 
generally depend only on the position of the particle. Let s denote 
the length of the curve measured from some fixed point on it. Assuming 
that there is no friction, there is a definite tangential force for each value 
of s. Let thereforedenote the tangential force on unit mass of the 
particle, the force being taken as positive when it is in the same direction 
as a positive increment of s and negative in the opposite direction. 
The dynamical equation for motion along the tangent is thus 


. (0 

.(3) 


Suppose that the point s = a is 2 l position of equilibrium on the 
curve. Since the tangential force must be zero at a position of equi¬ 
librium, it follows that /(a) = o. We shall investigate the motion when 
the particle is slightly displaced from this equilibrium position. 

Write (a + z) for j. Then equation (2) becomes 

^"i^=/(a+.)=/(a)+^/(a) + ^'(«)+ . . (3) 
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Since/((a:) = o, the largest term on the right-hand side of equation (3) 
is z/*(a) as long as z is small. Neglecting the higher powers of z, 
equation (3) becomes 

d^z 

.W 

for small values of z. If f'{a) is a negative quantity, this equation 
indicates oscillatory motion with a j)eriod 

V ~f'{a) . 

Denoting the tangential force on unit mass by T, we have 


T=/W.(6) 

dli 

Consequently f{s) = -j- .(7) 


Thus the coefficient of z in (4) is the value of -r- in the equilibrium 

as 

position. 

It should be noticed on what assumptions this solution depends. 
It has been assumed that the term containing the first power of z is 
much greater than all the terms containing the higher powers. To 
ensure that this should always hold we must not only know that z 
is small initially, but also that the velocity is small. For it is clear 
that if a particle were passing through an equilibrium position with a 
large velocity, the displacement z would be large before it came to rest, 
and our assumption that the term containing z is greater than those 
containing the higher powers of z would probably be wrong. 

Nevertheless, if f{a) is negative, small oscillations are possible under 
favourable conditions; and when small oscillations are possible about 
a position of equilibrium, that position must be one of stable equilibrium. 
But if f*{a) is positive small oscillations are not possible, because in 
this case equation (4) has the form 


II 

• 

• 

• 

• 

• 

• • • (^) 

and the solution of this equation is 

z = Ae^ 4 * . 

... (9) 


This does not represent oscillatory motion, and, unless A is zero, 
which is very improbable in any actual motion, z becomes very large 
for large values of /. Before this stage is reached the equation (4) has 
ceased to be approximately correct, for the higher powers of z have 
become as important as the first power. 

337 . Since the equation (8) of the last article occurs rather often in 
dynamics, it is worth while to show that (9) is the solution. 
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Putting 2: = .(i) 

we find by differentiating twice that 



Hence the equation 



11 

. ( 3 ) 

becomes 

.( d'^u du - \ „ , 

" \dfl dt'^ ^ ^ 


or 

d‘^u du 

dt °. 

. ( 4 ) 

Integrating at once 

with respect to /, 



du 

2CU-D . 

dt 

• (5) 

whence 

dt 2C 

du 2C21 — L) 

• (6) 


Integrating with respect to ?/, 

log^ E - = log^ (2^//- D) .... (7) 

where log^ E is written for the constant of integration. 


The relation (7) can be transformed into 

£^-2ct ~ 2 CU — D.. (8) 

Thus z = 

= ^ (I V* + 

2C 

= -f .(9) 


338 . As an example to illustrate the method of Art. 336 we will 
take the following problem. 

A particle^ constrained to move on a fixed smooth cun't\ is acted on by 
a force towards a fixed point C which is not 
on the curve. Assuming that the magnitude 
of the force depends only on the position of 
the particle^ to find the time of a small 
oscillation about a position of stable equilF 
britm. 

If O is a position of stable equilibrium 
and the force is an attraction towards C, it 
is clear that CO must be normal to the 
curve. 

Let P be the position of the particle 
at any instant, and let CP = r, CO = arc OP = x. R is the force 
acting towards C per unit mass. 










SMALL OSCILLATIONS OF A PARTICLE 325 
The equation for motion along the curve is 

--2 = -Rcosi^.(i) 

It may not be easy to express this tangential force — R cos (f) in terms 
of Sy but it will be easy enough to find its rate of increase with respect 
to s in the equilibrium position, and that is all we want. Thus 

/(s) = -Rcos^.(2) 

.ad> dK 

/'(x) = +Rsin<^-® - ^cos^ • . • • (3) 


Now (f> = ~ — 
2 


0 -tp. 


Hence 


df _ 

ds ds 


dip 

ds 


(4) 


A • • 1 1 dQ. 1 .dip . I 

At O It IS clear that -- is and -f is ~ , 
ds d ds p 

ture at O. Also cos ^ = o at O. Hence 


P 


being the radius of curva* 


/(o) = -R(i+p .(5) 

This is the quantity that corresponds to /\a) in Art. 336. Hence the 
period of a small oscillation is 



where R and p are the force per unit mass and radius of curvature in 
the equilibrium position. 

If the curve is a straight line, then p = 00 and^ = o. In this case 

r = 2n^ I.(7) 


If the force acting on the particle is always in the same direction 
we need only put </ = 00, and then the time becomes 



This last result will apply to a particle on a smooth curve under 
gravity if we put g for R. The expression for r then agrees with the 
one found in Art. 332. By means of (6) we can, however, find the 
time of oscillation of a pendulum, allowing for the fact that gravity 
does not act in parallel lines, but always towards a fixed point, namely. 
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the centre of the earth. U a =» the earth’s radius in feet, and / = length 
of pendulum also in feet, 



For any ordinary pendulum - is insignificant in comparison with so 

a I 

that it is of no use taking account of it. 

A body sliding on a perfectly straight line touching the earth’s 
surface may be regarded as a pendulum of infinite length, and its 
theoretical time of oscillation is 


277 . A = 277 . / 4 o°° X I 76°_>ij3ecs. = 85 iiiins. (10) 

^ g ^ 32 

This is exactly the same as the period of a satellite which would just 
graze the earth’s surface. 

339. A horizontal axis, which carries a light rod with a mass 
attached, is mounted on a vertical axis which rotates with constant 
angular velocity cu. In consequence of the mechanism and the 
motion, the mass is free to move along the circumference of a circle 
which rotates about its vertical diameter. The system constitutes, 
in fact, a pendulum in a rotating plane. We propose to find the 
period of oscillation about the position of stable equilibrium relative 
to the rotating plane. 

Let / be the length of the rod, and therefore the radius of the circle 
described by the particle. When the rod makes an angle 9 with the 
vertical, the distance of the particle from the axis of rotation is / sin 9 . 
By Art. 273 the acceleration of the particle is the same as if the plane 
of the circle did not rotate, except that there is an added acceleration 
/ sin ^. 0)2 towards the vertical axis and perpendicular to it. The 
component of this added acceleration along the tangent to the circle 
is — / sin 9 cos 9 . a>2. Hence, resolving along the tangent to the circle, 

sin 9 cos 9 . ^ mg sin 9 . • . (i) 


or 


d^s 

di^ 


= / sin cos 0 . a>2 — ^ sin ^ 


(2) 


Now suppose the rod is placed at rest relative to the rotating plane 

at an angle a to the vertical. It will remain in that position if ^ 

dt^ 

is zero when 0 = a, that is, if the right-hand side of (2) is zero. Thus 
in the positions of relative equilibrium we must have 


sin a(/cu2 cos a — ^) = o.(3) 

Whence either sin a = o.(4) 

= .<S) 


or 
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Equation (4) gives two values of a, namely a = o and a s= tt. The 
second of these obviously does not correspond to a position of stable 
equilibrium, for the mass could not be stable at the top of the circle. 

We will now examine whether the lowest position is one of stable 
equilibrium or not. 

When 9 is small we may write 9 for sin 9 and i for cos 9 , Also 
s ^ 19 . Hence equation (2) becomes 

i^ = iuyw-ge 

= {/w^-g)e .( 6 ) 

If g is greater than /oj^ the coefficient of 9 is negative, and the 
equation denotes oscillatory motion with a period 


r = 2n^y —Jj 


Thus, when g > the mass is in stable equilibrium in the lowest 
position; and since cos a cannot be greater than unity, there is no 
solution of (5) in this case, and consequently no other position of stable 
equilibrium. 

But when Ico^ > g, equation (6) does not give oscillatory motion, and 
now the stable position is given by (5). Suppose now that a is the root 
of (5). Writing a -f ^ for and /( 9 ) for the right-hand side of (2), that 
equation now becomes 

4? 


=y(a + z) =y{a) + zf(a) 


for small values of z. 


f(a) = /a>2 cos a sin a — ^ sin a . 
/'(a) = /co2(2 cos 2 a — i) — ^ cos a 


The last line is obtained by substituting for cos a from (5). The 
coefficient of z in (8) is therefore 

which is negative because >^. Also/(a) =s o because a satisfies 
(3). Consequently equation (8) becomes 


and this shows that z is a. periodic function of / whose period is 
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Since the mass can oscillate about the position where cos a = 


it follows that this is the position of stable equilibrium. 

If /a >2 the equations (4) and (5) give a common value of a, 
namely a = o, and tliis must clearly be the stable position. Moreover, 
both expressions (7) and (12) agree in giving an infinite time of oscilla¬ 
tion ; and both are wrong, as common sense tells us, for there must be 
a finite time of oscillation about a position of stable equilibrium. The 
results are wrong because they are deduced from an approximate equa¬ 
tion in which terms have been neglected which are important in this 
critical case. When /co^ = g exactly, the first term in the expansion of 
/(a -f z) which does not vanish is the term containing If this is 
retained it can be shown that the period of a small oscillation varies 
inversely as the amplitude In fact, the period can be expressed in 
the form 


r 




ir 



_ d4> __ 

V(i - i sin2 


(13) 


J 2 

The coefficient of in this expression will be found to agree 

with the accurate formula given in Art. 331 for the time of oscillation 
of a simple pendulum of length / swinging in a semicircular arc. 

Even the above value for r becomes infinite when we make p 
infinitely small. To get a reasonable result for r wben (/co^ — is very 
small, but not zero, we ought to take account of the term containing 
in which case the time would depend on the amplitude. We are 
justified in neglecting all higher powers of z than the first in our 
differential equation only when the terms containing these higher 
powers are small compared with the term containing 5, and this will 
not generally be true if the coefficient of z is itself small. 

340 . Forced Oscillations. —A particle which is free to move along 
a given curve is acted on by a periodic force along the tangent to its 
path when it is in the neighbourhood of a position of stable equilibrium. 
To determine the motion when the displacement from the equilibrium 
position is small. 

The problem we are now investigating is one in which, in addition 
to the periodic force, other forces are brought into play similar to those 
we have dealt with in small oscillations. 

If the periodic force did not act, the equation of motion for small 
displacements would be of the form 






0 ) 


Let a sin pt be the periodic force on unit mass, 
of motion is 


^ - 
dt^ 


+ a sin pt 


Then the equation 


(a) 
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Since =5-/2 sin pt 


it is obvious that, by a proper choice of H, 



j = H sin//. 

■ . ( 3 ) 

will satisfy (2). 

Substituting this value of s in (2), we get 
—p^H sin pt = sin pt a sin pt . 

• • (4) 

which is satisfied identically if 



II 

1 

. . ( 5 ) 

Hence 

^ = . 

. . ( 6 ) 


is a particular solution of (2). But it is not the general solution, because 
the solution of a differential equation of the second order contains two 
arbitrary constants, and our present solution does not contain one such 
constant. 

We can get the general solution by putting 


^ + ^2 "L-pZ .... 

• • (7) 

Then by differentiating 


d^s d^z p^a 

= ;^2 - ^ _ ^2 • • • 

. . ( 8 ) 

Substituting for 5 and (^)i we get 


1 

II 

• • (9) 

the terms containing sin pt having disappeared. 

Now, we know the general solution of (9) to be 


2: = A sin (<:/ -f jS). 

• • (10) 


Consequently the general solution of (2) is 


f = A sin (<r/+ sin// . . . . (ii) 

The remarkable feature about this result is that the displacements 
due to the two forces—the restoring force and the periodic force—are 
independent of each other. The first term in (ii) is exactly the 
same as if no periodic force acted. The second term is the one due to 
the periodic force. The amplitude of the second term does, it is true, 
depend on the period of the natural vibration, because it involves r, but 
the period is the same as the period of the applied force. The oscilla¬ 
tions represented by the first and second terms are called the fret 








330 MECHANICS OF PARTICLES AND RIGID BODIES 


oscillations and the forced oscillations respectively. In any actual motion 
the displacements due to the free and forced oscillations are superposed. 
The character of the motion is best expressed by saying that the particle 
has free or natural ’ oscillations relative to a framework which moves 
with the forced oscillations. 

Another important point regarding the forced oscillations is that, if 
p < c^ the displacement is in the same phase as the periodic force; that 
is, it has the same sign as the force, and reaches its maximum when the 
force reaches its maximum. But if / > the displacement is in the 
opposite phase to the force, for it passes through its minimum as 
the force passes through its maximum. Now the periods of the free 

27r 27r 

and forced oscillations are and — respectively. The preceding 

statements may therefore be expressed in the following way :— 

The forced displacement is in the same phase as the periodic force or 
in the opposite phase according as the period of the forced 
0^ oscillations is greater or less than that of the free oscilla- 
q'J tions. 

The periodic force such as we have considered is most 
easily produced by oscillating the body to which the particle 
is attached. The next example will illustrate this. 

341 . A particle is suspended at the end of an elastic string 
of negligible mass. The upper end of the string has a simple 
harmonic vefEcal oscillation. To find the motion of the 
particle. 

Let the tension in the string be the product of k and 
the extension, and let the displacement (downward) of the 
upper end, O', of the string be a sin pt. Let OA be the 
^^ 4 . natural length of the string, x the displacement of the particle 
from the fixed point A. 

The extension of the string is (x a sin //). Hence the tension is 
h(x — a sin //), and the equation of motion is 


Pi 

Fig. 


dKc 


= mg — h{x — 05 sin pt) 
s= --ki^x — sin pt . 


(I) 


ms 

By putting = jr —^ the equation reduces to 

— ^ + — sin pt 


dfy 

dfi 


m 


(») 


The solution of this is, by the last article, 


> = Asin(^>y'^/+j 3 ) + - ^ ..tfsin//. . 


(3) 
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Now i( r, Ti, denote the periods of the free and forced oscillations 
respectively, __ 

i T = ^ * ... (4) 

Hence the forced oscillations in (3) may be written 


27 T 

ri = —- f and ' 

/ 


—a sin pt = —A sin pt 

I Ti^ — 


( 5 ) 


Thus, suppose the periods of the free and forced oscillations are i 


second and 2 seconds, then the amplitude of the 
forced oscillations is -a. But if the periods are i 
and 1*01, the amplitude is about 50^^, which is very 
large compared with the amplitude of the motion 
of O'. 

343 . We will work another example of the same 
type. 

The point of support of a simple pendulum has small 
horizontal oscillations given by a sin pt. To determine the 
motion of the bob. 

Let O be the mean position of the point of support, 
O' the position at lime /, P the position of the particle. 
The particle P has the motion of O' plus the motion 
relative to O'. Now the acceleration of O' is 

(F 

sin pt) = — sjn pt . . 

and the component of this perpendicular to O'P is 

— sin pt cos d , , . . 

where 6 is the angle which O'P makes with the vertical. 


dicular to O'P. Hence, resolving perpendicular to O'P, 

/ d^S \ 

t ^ ap"^ sin pt cos 9 j = —mg sin 6 


O 



Fig. 165. 

• 

■ (0 

• 

(2) 


perpen* 


m[ 


• (3) 

Since 6 is supposed to be always small, we may put i for cos 6 and 0 
for sin 0 , Then equation (3) gives 


The solution of this is 






0 = A sin (\/j^ ~l~ ^ + ““ sin 
^ ^ ^ ^ I - ti 


pt 


(4) 


( 5 ) 
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The approximate horizontal displacement of the particle is 

£ 

X = id + a ^\n pt = /A sin^A/^Z-f jS^ ^- ^—a sin pt . (6) 

In terms of the periods of the free and forced oscillations r and tj, 
this can be written 

^ = B sin 7'' + ^) + 7r2’z72‘» • • • ( 7 ) 

We will complete the solution for particular initial conditions. 
Suppose that the bob starts from rest when / = o. That is, = o and 
dx 

~ = o when / == o. Now, 


^ = \/f + . (8) 


Putting 0 for 

X and t in (7), 



0 — B sin j8. 

. (9) 

And putting > 

0 for and / in (8), 

dt 



o = /V^B cos ^ + ^ • 

• (10) 

or 

Bcos^= 



r 

= ^-'22 . 

Ti TjZ - r 2 

• (”) 


From (9) and (ii) tan ^ = o, i.e, jS = o.(12) 

®= .(13) 


The final value of x is therefore 



( . 

I-sinV'f.). . 

• • ( 14 ) 

Suppose, for instance, 

r = 2 pecs., Tj 

= 3 secs., then 



II 

27r , 

— = TT and 

T 



Hence 

X = 

qa( . z-nt „ 
5^ 3 

: sin , 

‘ -(15) 

But if r 

= 3 secs., Tj = 2 

secs., then 





• 

« . 27rA 

• -( 16 ) 


X = 

— ~ ^sin tr/ — 

fsin -j . . , 
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343. Forced Oscillations when the Period of the Applied Force is 
the same as that of the Free Oscillations.— The equation is now 


dt^ 


+ a sin 


(I) 


This cannot be solved by the method of Art. 340, because equation 
(4) of that article refuses to give a value of H when p and c are equal. 
We must seek some other kind of solution then. 

Without going into the general method of solving such equations as 
(i) we will show what the solution is in this particular case. The 
method may seem experimental to the student, but he should not feel 
dissatisfied at this, because we often have to be content if we can guess 
the solution of a differential equation. All integration is but judicious 
guessing based on a knowledge of previous differentiations. 

I.et us put 

s ^ u cos r/ ........ (2) 

where « is a function of t 

Substituting in (i) from (2) we get, 


d^u . du 

cos — 2C Sin Ct-y- 

di^ dt 


— c^u cos ct ^ chi cos r/ + dr sin ct 


(3) 


whence 


d^u 

cot 



(4) 


A particular integral of this is clearly 

.(5) 

The corresponding value of s is 

Xj = — cos a .(6) 

This gives the forced oscillations. We have still to find the general 
solution giving the free oscillations. 

a 

On putting x = — W cos c/ -f 2:.(7) 

n (i) it will be found that the resulting equation for z is 

d^z 

= .. ( 8 ) 


the solution of which is 

» = A sin (/r/ + j 3 ).(9) 

Therefore j = A sin (rf + jS) - £/ cos rf. . . . . (10) 


The second term in s represents a displacement with increasing 
amplitude, and the amplitude is very large when t is large. For small 
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values of / equation (lo) will give approximately correct values of the 
displacement, but for large values of i they will not even be approxi¬ 
mately correct, because, in most cases, the differential equation (i) is an 
approximate equation obtained by assuming that the terms containing 
higher p)Owers of s than the first are small compared with the term in s. 
When this ceases to be true the differential equation, and therefore the 
integral, are no longer of any use. Thus the equation is only applicable 
for small values of /. In order to discover what happens when t is 
large we should have to solve the exact equation of motion, and the 
form of this will be different for nearly every problem. 

344. Small Oscillations of a Particle assuming a Resistance pro> 
portional to the Velocity. —If we take the fluid resistance to the motion 
of a particle oscillating in air or in a liquid to be proportional to the 
velocity, the equation of motion for small displacements from the position 
of stable equilibrium is 


dt^ 


-fis- k- . 
dt 


(0 


or 


d^s ds 

+ 


( 2 ) 


This is a linear differential equation the solution of which can be 
written down immediately by the rules given in works on differential 
equations. We shall, however, find the solution. 


k 


Putting 

s ^ e ^ z m • • • 

• • • • (3) 

and substituting in 

(a), we get 




.... (4) 

Whence 


• . • . (s) 


If > — this is the familiar type of equation solved in Art. 292. 
Writing for c 2 — — for the sake of shortness, the solution of (5) is 



a = A sin (^/ -f j 3 ) . . , . 

... (6) 

Hence 

Jit 

s = Ae ^ sin {If + P) ... 

• . • ( 7 ) 


This may be regarded as simple harmonic motion with decreasing 
amplitude but constant period. The time of a complete oscillation is 
twice the interval between two successive instants at which the velocity 
is zero. The velocity is given by 

^ ^ sin {bt + /5) +• * cos {bt + P)| . . (8) 
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It is easy to see that the interval between successive instants when 

TT 

this is zero is Hence the time for a complete oscillation is 


2TT _ 47r 

b \/ 4 ^ — 


. (9) 


The curve showing the relation between s and / is given in Fig. i66. 
It is clear that the oscillations die out slowly or quickly according as k 



Fig. 166. 


is small or large. For if is small the amplitude diminishes 

slowly. 

k 

If iT = ~, the solution of (5) is 

5 = A/ 4 -B.(10) 

J-t 

and therefore s^e ‘^(A/-f B).(ii) 

Whatever be the initial circumstances of the motion, s ultimately 
becomes zero, because 

lim te ^ = o .(12) 

/= 00 

Moreover, s can only pass once through the value o, and this will 
happen if A and B have opposite signs. This cannot be called 
oscillatory motion; the particle merely falls, in an infinite time, into 
the equilibrium position, and it may, under favourable circumstances, 
swing once through the equilibrium position. 

We have yet to consider the case where -is negative. 
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The solution of (5) is now, by Art. 336, 




Consequently 


s = + Jie-P‘y * 

(p-l)c My 

= AA 2 / 4 - V 2 / 




I + 


Now -is negative, and therefore < 


decreases as t increases, 


and becomes zero when / is infinite. Hence s approaches zero as i 

B 

appicaches infinity. Also it is seen from (14) that unless ~r is negative 

A 

and greater than unity, 5 can never become zero for any finite value of 
t Here again we do not get oscillations, but a gradual approach to 
the equilibrium position with just one possible passage through that 
position. 

345 . Forced Oscillations with a Resistance proportional to the 
Velocity.—If the periodic force per unit mass is sin //, the equation of 
motion is 

d^s ds 

—a ^.inpt .(i) 

Since, on differentiating sines and cosines any number of times we 
get sines and cosines as a result, we assume, in order to get a particular 
integral of (i), 

f = G sin// + H cos pi .(2) 

where G and H are constants which have to be determined so that 
(i) shall be satisfied identically. 

Substituting in (i) from (2), we get 

{—+ c^¥L) cos pt -f- (—— /HI + c^G) sin// 

= asin//.(3) 

This is satisfied if 

(,2.^2)H+/>&G = 0^ ,,, 

and -/ 2 )G -/^H = a ).. 


(rom which 


r - _ 

“ {2-2 -/2)2 4. 


H as — 


(^2 _^ 2)2 + ^ 2^2 
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Thus a particular integral is 

C'"® - /*) M cos //} . 

If now we put s = z Si 

in (i), we get 

(S + 4 '++ "'^'0 =* 

But since Si satisfies (i) this equation reduces to 
d^z dz 

^ + = . 


( 6 ) 

(7) 

( 8 ) 


which is the equation giving the free oscillations, and it has been solved 
in the last article. 

We may express Si in a more convenient form than (6), and one 
which will exhibit the relation between the forced oscillations given by 
Si and the periodic force. 

Let a be an angle determined by 

^^^^=v{{^^p4~+pm\ .... ( 9 ) 

. _ pk 

Then r, = ;^1y2^4:^2|(cos a sin// - sin a cos//) 


~ V -/2)2 + /2^2} . 

The maximum and minimum values of the periodic force occur 

TT 

when pt is an odd multiple of whereas the maximum and minimum 
values of the displacement due to the forced oscillations occur when 

7T 

{pt — a) is an odd multiple of -• Thus the displacement lags behind 

a. 

the force by an interval of time — 

77 

Ifequations (9) show that a lies between ~ and tt, and when 

77 

^2 ^ they show that a lies between o and thus the lag may be 

77 

anything from zero to^, half the period of the applied force. 

The amplitude of the forced oscillations when a resistance acts pro¬ 
portional to ihe velocity is always finite, and is never even large if a 
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is not large. This motion is therefore of a distinctly different type 
from the motion when the resistance is absent, for, in the latter case 
we found that the amplitude of the forced oscillations became infinite 
when p became equal to c. When the resistance acts, equations (9) 

TT 

show that if p ^ c. then a = - and the forced oscillations are 
represented by 

Thus, if the period of the applied force is the same as that of the 
natural oscillations, the forced oscillations lag exactly a quarter of a 
period behind the applied force. 

The free oscillations are the same as when no periodic force acts, 
and these have been found in the last article. Whether these take the 
form given by (7), or by (ii), or by (14) of that article, they disappear 
after a short time and leave only the forced oscillations. 

The motion of the pendulum of a clock is an example of forced 
oscillations. The mechanism is such that the applied force must have 
^e same period as the time of swing of the pendulum. But the force 
is not, however, accurately represented by a single sine function. 




EXAMPLES ON CHAPTER XVI 


(Take;^^ = 32*2 feet per sec. per sec.) 

1. What is the period of a pendulum of length 400 feet ? 

[About 22*1 secs.] 

2. Two pendulums of equal lengths oscillate, one in a very small arc, 
and the other between extreme points at which the string makes an angle 
2 sin~i J with the vertical. Find the ratio of the period of the second to 
that of the first. 

[10295.] 

3. By taking logarithms of both sides of the equation 

'■-Vi 

and then differentiating, show that the relation between corresponding 
increments of t, /, and is 

St _ I ^ _ I 
T ~ 2 * / 2 * ^ 

The period of a pendulum at the top of a mountain is observed to be less 
than its period at the foot by ^ per cent., and the decrease in length of the 
pendulum due to the change of temperature is per cent. Calculate the 
percentage increase in 

[ The percentage increase is .] 

4. If T is the correct period of a pendulum clock, n the corresponding 
number of oscillations per day, and r -f Sr, « 4* the actual values of these 
quantities, prove that 

8t __ Sn ^ s 

T 24x60x60 

where s denotes the gain of the clock per day in seconds. 

[Let N denote the number of seconds in a day, and let time be 
measured in seconds, 

Then (n + Bn)(r -f 8t) = N = 

Neglecting Bn 8t, this gives nBr -f rBn = o 
Also we have (« + Bn)T = N + j 

These equations give the required results.] 

5. A pendulum clock is observed to lose 20 secs, a day when taken to a 

different locality after all corrections for temperature, etc., have been 
applied. Find approximately the difference between the intensities of 
gravity at the two places {London Inter, Sct.y 1900.) 

j^The difference is j 

6. If the pendulum of a clock 3 feet long is ^ of an inch <00 long, hqw 
many minutes a day will it lose ? 

[2! minutes.] 

7. A particle of mass w, free to slide along a smooth horizontal wire, Is 
attached by a string to another particle of mass M ; the string passes 
through a smooth fixed ring at a distance I vertically below a point on 
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the wire, the mass M being below this ring. Find the period of oscillation 
of m assuming that M has no horizontal motion. _ 


[Vm'] 


8. Two particles with equal masses m can slide along smooth parallel 
slots in a horizontal plane. Another mass M is attached by equal strings of 
length / to each of the masses m and hangs below them. Assuming that 
the strings are always at a small inclination to the vertical, find the period of 
those symmetrical oscillations of the system in which M has no horizontal 
motion. 

[period = 

9. A pair of light rods of length b can rotate about a common smooth 
horizontal axis through one end of each. Each rod carries a mass m at its lower 
end, and these masses are attached to another mass M by equal strings of 
length /. If the distance between the planes of motion of the two masses is 
small, find the period of small symmetrical oscillations of the system in 
which the two masses m are always at equal distances from the ver leal 
plane through the axis and on opposite sides of it. 

[period = ( ,7. 7 r Tl r T7 M)J 

10. Find the period of oscillation of a particle about the lowest position 
on the smooth curve 

s = a sin 2^, 

^ being the angle between the tangent and a horizontal line. 


■Vf-] 


Find the periods about the lowest points of the curves 

(i) j = <7 tan 2^ 

(ii) s = a sin tp sec^ ip 

(iii) s ^ a (sin tp + sin 3^) 

..V I — cos 2 lp 

(iv) s = a -;—-7 - 

sin 

j^The periods are respectively 27 r^y/—, 2 ' 7 r 


Vi] 


12. If j = /(ip) is the intrinsic equation to any curve, show that the 
period of oscillation of a particle about a position of stable equilibrium on 
the curve is _ 

on the understanding that o is the value of ip in the equilibrium position, and 
that 


13. The equations to several curves are given below. In each case 
j^-axis is vertical and positive upwards. Find the radii of curvature at the 
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lowest points, and the periods of oscillation of particles about these points, 
assuming the curves to be smooth wires. 


(i) 

(ii) 


ay 


= ^ 2 


bay — bx^ + 


(iii) ay 4* ny^ — x^ + 


(iv) 

(v) 


= •J — a 

y = - cos?) 


[ The radii of curvature are respectively a^ and 

2 2 2 b 


If p denotes 


one of these, the corresponding period is 27 r^ 


vl -] 


14* The point where y — —b is the lowest point of the ellipse 

jr2 y2 

^ + ^2 = * 

If new axes parallel to the old axes be taken through this point, show 
that the new equation is 


^ /.O L — ^ 


_^yi 
a^ b^ ~b 

and thence find the radius of curvature at this lowest point, and the period 
of oscillation of a particle about that point 

b 


[ The radius of curvature is lim — — lim ^2(^-7 — Ao) ^ 

Vi=n2/i 

ZTia 


. j . 2TTa 1 

period IS . I 


27 r{ 


15. If wio) = m 

is the energy equation of a particle executing small oscillations about a 
position of ec^uilibrium 0 = a, prove that <^Xa) = o, and that the time for a 
complete oscillation is 

(^London B.Sc.^ HonourMaths. ^ 1908.) 

16. AB is a horizontal line of length 2^z. A string is attached to A and 
passes over a smooth light pulley at B. A mass m is attached to the free 
end of the string, and an equal mass slides on the string between A and B. 
If the two particles are made to oscillate vertically write down the energy 
equation, and deduce the period of small oscillations about the position of 
stable equilibrium. 

[The energy equation is 

|w^ 2 ^(sec 4 6+4 sec2 0 tan2 P) = ^zw^^tan 0—2 sec 0) +constant, 
where 6 denotes the angle which the parts of the string from the 
second particle to A and B make with the horizontal. 

The period is 27 r- / ^ - 1 

V3V3VJ 

17. A pendulum 2 feet long is pulled out to an inclination of 4 degrees 

with the vertical and then dropped from rest. Find its inclination to the 
vertical / seconds later. _ 

[4 cos Vifi'i/ degrees.] 
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18. The bob of a pendulum 3*5 feet long is projected from the lowest 

point with horizontal velocity 2 feet per second. Find the angular displace¬ 
ment in degrees t seconds later. * _ 

[10*8 sin ^9*2/degrees.] 

19. A pendulum bob hangs at rest from a string 2*3 feet long when the 
support suddenly begins to oscillate horizontally, the displacement of the 
support / seco'ids after the start being 4 sin 50/ inches. Find the displace¬ 
ment of the bob from its initial position at the same time t, 

[The displacement is (0*301 sin ^ 0*0225 sin 50/) inches.] 

20. A spiral spring, which stretches one inch under a tension of 5 lbs., 
carries a mass of 8 lbs. at its lower end. When the weight is at rest the 
support to which the upper end of the spring is attached begins to oscillate, 
its upward displacement / seconds after the start being 0*2 sin 10/ inches. 
Find the upward displacement of the 8-lb. mass at the time /. 


I The displacement = 


^^3^ sin 10/ — sin 15*540 f^^f 


12(15^- 200) 

= (0*341 sin 10/ ~ 0*220 sin I 5’540 inches.] 


21. The amplitude of a pendulum four feet long is reduced from seven 
degrees to four degrees in 112 seconds. Assuming that the resistance of the 
air p.r unit mass of the bob is the product of the velocity and a constant 
find the value of k. Find also the amplitude ten minutes after it was seven 
degrees. 

== A *75 = 0*01 nearly. The amplitude after 10 minutes is 
7^-3 = 0*35 of a degree.] 

22. A pendulum four feet long, oscillating in a liquid, has its amplitude 
reduced from ten degrees to half a degree in thirty seconds. If the resist¬ 
ance is proportional to the velocity, find the expression for the inclination in 
terms of the number of seconds, /, after the instant when it was at rest at 
ten degrees from the vertical. 

Assume^ = 32*19. 

j^The inclination, in degrees, is cos (V 3 £ 1 »,-o^ 3 S 3 ).] 

23. If the pendulum bob in the last question is subjected to a periodic 
force, show that the amplitude of the free oscillations is diminished to 

original value in two minutes. Taking the periodic force to be 
I sin 3/ poundal per unit mass, acting along the tangent to the path, show 
that the inclination of the string to the vertical is 


-7(1*9 sin 3/ 4- 1*2 cos 3/) radians 

20*3 

when the free oscillations have died out. 

What is the amplitude of this motion ? 

[The amplitude is o*iii radian.] 

24. A mass is attached to a spiral spring which extends one inch under 
three pounds. The time of a free oscillation of the system with the given 

mass attached is ^ seconds. If, when at rest, the mass is brought under 

the action of a periodic force P = 4 cos 5/ lbs., find the position of the 
weight after 3 seconds, neglecting the mass of the spring and frictional 
forces. ( Victoria University^ Honours Engineerings * 903 -) 

[After t seconds the displacement is \p/ sin 5/ inches ; when / = 3 
this becomes 6*50 inches.] 

25. Suppose the body in the last question were acted on by a fluid 
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resistance equal to 0*2 mv poundals, where m denotes the mass and v the 
velocity of the body. What would then be the displacement / seconds after 
the start ? Calculate its value when / = 3. 

^Displacement = ^g^^sin 5/ - i*ooo2^?-o*ie sin inches. When 

/ = 3 this becomes 5*67 inches.] 



CHAPTER XVII 

CENTRAL FORCES 


346 . Many forces in nature act towards fixed points, or towards points 
which move according to known laws, in which case they can be 
treated in the same way as the former class. Such forces are called 
Central Forces. In this chapter we shall deal with problems on central 
forces, and we shall only be concerned with plane motion. The 
chief problem in central forces is to find the path described by a body 
when it is acted on by a given central force. 

347 . Moment of Momentum.—The momentum of a particle of mass 
m travelling with a velocity z; is a vector of magnitude mv with a 
definite position in space, since it passes through the position of the 
particle itself. The moment of this momentum about any point is the 
product of the momentum and the perpendicular on the line of 
the vector, that is, the line of motion. It corresponds exactly to the 
moment of a fqrce, and the properties of moments of forces can be 
extended to moments of momenta. One important property is, that 
the sum of the moments of the components of the momentum about 
any point is equal to the moment of the resultant about that point. 

If the co-ordinates of the moving particle are y, the components of 

dx dv 

the momentum parallel to the axes of x and y are w--,and w-r-. The 

moments of these about the origin, taken positive from OX towards 

OY, are and mx~. Hence the moment of the resultant 

' ^ dt dt 

momentum about the origin is 

.w 


Again, let r, fl, be the polar co-ordinates of the particle, with 0 as 
pole and OX as initial line. The radial and transverse momenta are 

and tnr The moments of these about the origin are o and 


did 

mr^ j. Hence, another expression for the moment of momentum 

at. 


dt, 

about O is 
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If p is the perpendicular from the origin on the line of motion the 
moment of momentum is clearly mpv. Thus we have now three 
expressions for the moment of momentum about O, namely, 



There is still another convenient way of looking at moment of 
momentum. When the particle describes a small element ds of the arc 
of its path, the area of the small triangle with ds as base and the lines 
joining O to its ends as sides is \pds. Or again, if dQ is the increment 
in 6 corresponding to ds, the area of the triangle is Denoting 

this area by dh, we have 

dh = )^ds = \r^diB .(4) 

Therefore, on dividing by dt 

dk , ds/ , \ , dd 

^ = . (s) 

Thus the moment of momentum can also be written 


2m- 


' dt 


• ( 6 ) 


where A denotes the area swept out by the radius vector from any 
given instant. 

348 . Equations of Motion in Polar Co-ordinates.— Let R and T 
be the radial (outward) and transverse forces acting on the particle of 
mass m. Using the expressions for acceleration in Art. 271, the 
equations of motion are 



Multiplying both sides of (2) by r, we may write 



The quantity in the bracket in (3) is the moment of momentum of the 
particle about the pole, and rT is the moment of the resultant force 
about the same point, since the moment of*R about O is zero. Now 
since any point may be taken as pole, equation (3) shows that 


rate of increase of moment of 
momentum about any point 


> s= moment of forces about 
' the same point ... (4) 


This is a veiy important and useful equation, and particularly in 
dealing with central forces. It is worth while to give another proof. 
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The equations of motion in cartesian co-ordinates are 


d^x „ 


.^y 

dfi 


( 5 ) 

( 6 ) 


Multiplying these by —jv and x respectively and adding, we get 

• = .( 7 ) 

Now the right-hand side of (7) is the moment, about the origin, of the 
force whose components are X and Y. It will be found on differentiating 
that 


d( dy dx\ d^y d^x 
dk^di ~^'dt)^ dfi ~ ^ dfi ■ 


( 8 ) 


Hence the left-hand side of (7) is the rate of increase of 


( dy dx\ 
\ dt dt) 


which is the moment of the momentum of the particle about the origin. 
Thus the quantities in equation (7) are exactly the same as those in the 
corresponding sides of equation (3). 

349. Particular Case of Central Forces. —If the force acting on 
the particle always passes through the pole, then T =: o, and equation 
(3) of the last article becomes 

= . 

dB 

JVhence = A a constant.(2) 


Thus for a central force through the origin, the moment of the velocity 
(which is the moment of momentum divided by m) is constant. 
That is, 



dy dx dk , 


• (3) 


This tells us that the angular velocity 
varies inversely as the square of the radius 
vector and that the area swept out by 
the radius vector per second is constant and 
equal to \h, * 

350. To find the path described by a 
particle under a central force which is a 
function of r only. 

Let the centre be taken as pole, and 
let the attraction per unit mass be P. Let 
^ be the angle between the tangent and 
the radius vector. To be quite definite, 
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if> is the angle between the outward-drawn radius vector and the 
direction of motion. 

Resolving along the tangent, 


dv 

It 


— P cos <f> = 



• • (0 


But 


dv ^dv ds ^ dv 
dt ds dt ds 


Hence 




(3) 


Integrating with respect to r, 

i2fi=-jFps + C= -]vdr + C ... ( 4 ) 

Also, because the origin is at the centre of force, 

= A .(5) 

Substituting in (4) the value of v from (5), we get 

+ ^ .( 6 ) 

This equation gives a relation between p and r for the curve described 
when P is given. Such a relation is an equation to the curve; it is 
called the tangential-polar equation to the curve. It is not a very con¬ 
venient form of equation because it would be rather laborious drawing 
curves from tangential polar equations even if it could be done at all 
But we can easily deduce the ordinary polar equation^ from the 
tangential-polar equation. We shall show how this is done when we 
come to find the polar equation by using the polar equations of motion. 
For the present we give the tangential-polar equations of several well- 
known curves which are important in this subject. 

S51. Tangential-polar Equations. 

Ellipse with pole at centre, axes 2<r, 2^, 


^ = + . 
r 

• * • • • ^(X.) 

Ellipse with pole at one focus, axes 2a, 2b^ 


2 1 

ap^ ^ r df ’ * * 

. 08 ) 

Hyperbola with pole at one focus, 

‘ 

-r^a ' • 

.(y) 


The upper sign gives the branch of the curve nearer the pole, and the 
lower sign gives the other branch. 

A parabola may be regarded as an ellipse or hyperbola with infinite 

^2 

axes but finite latus rectum. The latus rectum is 2—. We can there- 
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fore get the equation of a parabola by writing / for the semi latus rectum 
and putting c>o for a in either (j 3 ) or (y) with the upper sign. 

Thus the equation of a parabola with pole at focus is 

. 

Circle with pole at centre, 

/ = ^.(«) 

Circle of radius a with pole on circumference, 

/={■. (0 

^Equiangular spiral with pole at centre, the angle between the radius 
vector and the tangent being a, 

/ = r sin a.(r/) 

352. Orbits for Particular Laws of Force.-— Suppose the attraction 
varies inversely as the cube of the distance. Then 

^ ~ ^ • • • • . (i) 

Equation (6) of Art. 350 gives 

= +i> + C.W 

If C happens to be zero, this takes the form 

^ = 71 . 

which is the equation of an equiangular spiral. By comparing with (ij). 
Art 351, we see that 

h f . 

= . 

If sin a = I, that is, if ^ the spiral becomes a circle. 

The spiral is not the general orbit for this law of force. It is only 
in the particular case when C = o that we get the spiral orbit. The 
character of the orbit in the general case will be more easily understood 
in polar co-ordinates, which \\ e shall come to shortly. 

353. Attraction proportional to Distance from Centre. 

Here P ^ kr .(i) 

- iy!=-4*^ + c.(.) 

Dividing by we get 

\ 2C 
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This is of the same form as equation (a), Art. 351. It is therefore 
the equation of an ellipse with pole at the centre. The semi-axes are 
given by 

.(4) 


-f ^2 


which are obtained by a comparison with (a), Art. 351. 
From equations (4) and (5) we get 

a2 = l{C+ ^/(C2-i/52)} . , 


^2 = -{C - V(C2 - 


. ... il) 


It might appear from these equations that it would be possible for 
«2 and /^2 to be imaginary. For if C 2 is not greater than the 
expressions for and ^2 will be imaginary, and this would indicate 
that the orbit is some other curve than the ellipse with pole at the 
centre. But must of necessity be greater than k/i^ for any real 
orbit. For, from (3), 

+ .( 8 ) 


Now/ must be less than or equal to r, and therefore 


_ /&2 


- 


+ 2 h^ k 


It is obvious from (9) that C cannot be less than k, and there¬ 
fore the values of and ^2 are real. 

Since the area described by the radius vector per second is 
and the whole area of the ellipse is the time taken to describe the 
whole ellipse is 

^ 2TTab ___ 27r . . 

IjTT^b ~1jli . 


The iiiotion just investigated is called elliptic harmonic motion. It is, 
in fact, the resultant of two simple harmonic motions of equal period in 
intersecting lines, the mean positions for the two motions being the point 
of intersection. Also there is a difference of a quarter of a period 
between their phases, so that one displacement is a maximum when the 
other is zero. 

354 . The Same Problem in Cartesian Co-ordinates.—The com' 
ponents of the attraction kr parallel to OX and OY, whether these 
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axes are perpendicular 
equations of motion are 


or not, are —/Iat and Hence the 




• (0 

S ( 2 ) 


The solutions of these equations can be written 

X = A cos A/kf + B sin • • • • • (s) 

y = G cos A/kf + D sin .(4) 

After eliminating / we get 

(Dx - Byf + (G^ - A^)2 = (AD - BG )2 . . (5) 

which is plainly the equation to an ellipse since it has the form for a 
central conic, and the terms containing x and j have no real factors, 
and this latter is the condition for an ellipse. 

Since equations (i) and (2) are true for all axes through the centre 
of force, we will choose the axes in a convenient position. 

* Let C be the position of the particle at any instant, and let OC be 
taken as axis of x. Let OC = a. Let the axis of y be parallel to the 
tangent at C, and let the velocity at C be v. With these conditions we 
get, measuring t from the instant when the particle was at C, 


dx 


dy 

dt 


= V 


X = a 


y = o 


when / = o 


Introducing these conditions in (3) and (4), we find 

B = o A = a| 

V 

Tk 

Hence x = a cos aJ kt 


D 


G = o. 


Thus 


y = sin a/ kt 

Ajk 

ky^ 


^2 7^2 * 


• • ( 6 ) 

• • ( 7 ) 

. ( 8 ) 

• • (9) 


This is the equation of an ellipse referred to conjugate diameters as 

V 

axes, and the length of the semi-diameters are a and ^^ • If we >vrite 
i for the semi-diameter conjugate to a, then 

V = aJ kb .. * . (10) 


This shows that the velocity at any point is proportional to the 
semi-diameter parallel to the velocity. This semi-diameter therefore 
represents the velocity on some scale. Consequently the actual orbit 
of Ihe particle is the hodograph of its motion. 
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365. Examples of Elliptic-Harmonic Motion. 

Example t.— An ordinary pendulum^ whose motio7t is not confined to 
one verticalplane^ has approximately simple harmonic motion provided tht 
string always makes small angles 7vith the vertical. 

Let T be the tension in the string, 0 its inclination to the vertical at 
any instant, / its length ; and let r be the distance of the bob from the 
vertical through the point of suspension, z its distance above the 
lowest point. 

10 ^ 

Now, « = /(i — cos 0 ) = nearly . . • • (i) 

^2 ^4 

because cos 0 =i—^—|- etc.(2) 

* k 


Since S is a small angle, we shall neglect all pow’ers of d beyond the 
first. With this approximation z is always taken as zero, and then the 
equation for vertical motion gives 

d^z 

T COS 0 — = o nearly • . • . (3) 

Hence, again putting i for cos 

T = .(4) 

Now the horizontal force on the bob acts towards the vertical 
through the point of suspension, and its value is 


T sin 0 


■r r - 
T” = mg- nearly 


(5) 


Thus the horizontal force is proportional to the horizontal displace¬ 
ment from the equilibrium position. Consequently the horizontal 
motion is elliptic-harmonic. That is, the plan of the path of the particle 
is very nearly an ellipse. The time taken by the bob to describe the 
complete ellipse is 



just as for a simple pendulum of length /. 

The conical pendulum (see Art. 312) is included in the above. In 
this case the ellipse is a circle, and 0 y and therefore a, are constant, so 
that (3) is true exactly, 

Examp^-e 2 .— ends of an elastic string are attached to two points 

in the same vertical line, and a particle is attached to the midpoint of the 
string. 

If / is the length of the string, and T the tension in the vertical 
position, the force acting on the particle when it is displaced a distance 

r from the vertical is aT^. Thus the motion is elliptic-harmonic, and 


if m is the mass of the particle, the period is 

fmi 


• ( 7 ) 
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which is, of course, the same as when the particle oscillates in one 
vertical plane. 

Example 3. —A heavy particle is attached to the free end of alight rod 
with a uniform cirailar section^ and the other end of the rod is fixed 
vertically. 

Neglecting the small amount of shear produced by the weight of the 
particle and of the rod, we find that, when the free end of the rod is 
displaced from the vertical, there is a constant shearing force all along 
the rod. If y denotes the displacement at distance x from the fixed end, 

d^y 

= — F, a constant.(8) 

Integrating this with the conditions that the bending moment is zero 
where a: = / (the length of the rod), and ^ and y are each zero where 
=0, we get 

El^ = F(|/a'2 - 1^).(9) 

Putting r for the value of^ at the end where jr = /, 

EIr=|/8F.(10) 

^ 6EI 

whence F = - .(ii) 


This shearing force is the force exerted by the particle on the rod, 
pulling it away from the vertical. The reaction to this force is a force 
of equal magnitude exerted by the rod on the particle, pulling the 
particle towards the vertical. Since the force on the particle is pro¬ 
portional to the displacement r, the motion is elliptic-harmonic, and its 
period is 



w /3 

6'e1 


(12) 


.u <• • 6EI 

Since the force on unit mass is -—-r. 

356 . The Inverse Square Law.—This is the law of gravitational 
attraction. In this case 

P = .0) 

and the energy equation, with ^ for Vy gives 

I h^ 

= ^ + c.(2) 

where C is a positive or negative constant. 

Equation (2) can be written 

^2 I 2 2C - . 

*. 
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If C is positive, this is the equation of a branch of an hyperbola 
referred to the nearer focus as pole. 

On comparing with (y), Art. 351, we find 


/;2 __ //2 
a k 


(4) 


I _ 2C 
a k 


(5) 


The constants h and C can be found from the state of motion at 
any instant, and then u: and b can be determined from (4) and (5). 

If, however, C is zero, the path is a parabola, for the equation is the 
same as (8), Art. 351. By a comparison of (8) with (3) when C = o, 
we get 



If we are given the position and the direction of motion at any 





Fig. 168. 


instant of a body describing a parabolic path about a focus, it is very 
easy to construct the parabola. 

Let S be the focus, B the position of the particle, CBD the line of 
motion. Let C be a point such that SC ™ SB. Then SC is the axis 
of the parabola, and the vertex A is found by making SA equal to \l, 

. I 

that IS, “ . • That SC is the axis follows from the fact that the tangent 

to a parabola makes equal angles with the axis and the focal distance. 
Putting pv for h again in the equation to the parabola, we get 

.(7) 

In a circular orbit of radius r we can easily show by the method of 
Art. 313 that 



Thus for any given distance r from the attracting centre there is a 
definite parabolic velocity as well as a definite circular velocity, and 
the parabolic velocity is V* times the circular velocity at the 
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same distance. A body which has the parabolic velocity at any point 
will describe a parabola whatever be its direction of motion, A 
similar statement is obviously not true for the circular velocity. In 
order that a body may describe a circle, it must have the circular 
velocity given by (8), and must be moving at right angles to the radius 
vector. 

A body describing a parabola goes to infinity, and when r == oo 
equation (7) shows that = o. That is, a body describing a para¬ 
bola has just enough kinetic energy to carry it to infinity and none to 
spare. 


357 . Inverse Square Law continued.—If C is negative in (3) of 
the last article the equation is that of an ellipse. Put C' for —C, so 
that C' is a positive quantity. Then a comparison with (j8), Art. 351, 


gives 

32 



a 

~ k 

whence 

b^ 

-42 



“ k 


k 




2C' 

~k 


2C'A2 




(I) 


(2) 


Equations (i) determine a and b when h and C' are known, but 
the ellipse will not be real unless a'> b, that is, unless > o. In 
order to show that a real ellipse is certainly described if C' is positive 
we need to show that e is real. 

Now 

„ a^-b^ 2Ch^ 


1 ) 

/ l\ 

b ~ B’ 


(3) 


_h^( k_^'s 
^ 2\2 ^ 2 ^ 

which is certainly positive since p <,r. Thus (3) shows that ^2 ig 
positive and (2) shows that (i — ^2) ig positive, and consequently an 
ellipse is not only a possible orbit but is the only possible orbit. 

We may express ^2 in another, and perhaps more interesting, form 
in terras of the kinetic energy and the potential. Thus let 

>&2 h 

K = = v=J. 


Then 


So, since 


we get 


= 2/2K and k = rV. 


C = V K, 




^2V2 ^ ^ 


-K)^ 


=;^s{V2- 


-(V-2K)*}. 
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Therefore 



= cos* 



2 ^ 
■ V 


A* 

j sin* 


where (f) denotes the angle between the velocity v and the radius vector r, 
that is, the angle shown in Fig. 167. Thus e is always positive and 
reduces to zero only when = 90® and 2K — V. These two con¬ 
ditions mean that the particle is travelling perpendicular to the radius 
vector and has just the correct velocity for circular motion at that 
distance. t 

Since is the area described per second by the radius vector from 
the attracting centre to the body in any orbit whatever, it follows that 
the time occupied by the body in travelling over any portion of its 
orbit is equal to the area of the sector bounded by that portion of the 
orbit and the radii vectores through the ends of it divided by lA. In 
short, if A is the area swept out by the radius vector in any time /, 
then 


A _ 2A 


(3) 


If T is the time taken by a body to describe a complete ellipse, the 
equation (3) gives, since the whole area = nadf 


27Tab 



,a by (i) 


V/4 


(4) 


If several bodies describe elliptic orbits about the same attracting 
mass (assumed to be fixed), then % is the same for each body because 
it depends only on the attracting mass. Hence for each body 


T* 


47T^ 


= a constant 


(5) 


Since the time taken to describe an ellipse depends only on the 
major axis, it will 6e unaffected by making the minor axis as small as 
we please. Let, then, the minor axis become infinitely small. In this 
case the ellipse is infinitely thin with its foci at the ends. Thus a 
body falling in the centre of force along a straight line may be con¬ 
sidered to be describing an infinitely thin ellipse. Hence the time 
taken to fall from rest at a distance d into the centre of force is half the 
periodic time in an ellipse of major axis namely, 

J A 2 *J 2k 

which agrees with the result in Art. 298. 
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358. Inverse Square Law continued, 
the inverse square law is 

i + c . 


-The energy equation for 


and it has been shown that the orbit is an ellipse, a parabola, or an 
hyperbola, according as C is negative, zero, or positive. 
k 

Now - is the work done by the attracting force in bringing unit 

T 

mass from infinity to a distance r from the centre of attraction. The 
negative of this is the potential energy of unit mass at r due to the 
attraction. This makes the potential energy zero at infinity, and negative 
at all finite distances from the centre. If the force of attraction is the 

k 

gravitational attraction of a mass situated at the centre, then — -- is the 

quantity which we called the potential of the attracting mass, except 
that we changed its sign and removed a constant factor for convenience. 
It follows that C is the total energy of unit mass of the attracted body, 
that is, the sum of its kinetic and potential energies, assuming that the 
potential energy is zero at infinity. The form of the orbit therefore 
depends on whether the total energy—which remains constant for any 
given body—is negative, zero, or positive. If the total energy is zero 
or positive, the body goes to infinity along a parabola or an hyperbola. 
But if the total energy is negative, the body cannot get to infinity, 

the place where the potential energy 
5 - is zero, for this would require the 

kinetic energy to be negative, which is 
g/ impossible. 

Y—? 359. Construction of an Elliptic 

Orbit with given Conditions.—Suppose 
/ a body is projected along the line 

^ PQ, in either direction, with a velocity 

Fig. 169. Let S be the attracting centre, 

and let SP, the initial distance 

the attracted body, be denoted by d. The condition for an elhps;; 

k • 

is that 5V2 should be less than ^ It simplifies the work con¬ 


siderably if we suppose ^V2 expressed in terms of Let, therefore, 




The equation which gives an ellipse is 


, « k k 2 

—- 

® r 2 a 


Consequently 


C--?) 







CENTRAL FORCES 


355 


Putting the initial values of v and r in this, we get 


1 

a 


2 

d 


d k 


h 


n) 


( 3 ) 


Thus 



( 4 ) 


Now, by using two well-known properties of the ellipse, we can 
describe the orbit at once. These properties are 

(1) The sum of the focal distances of any point on the ellipse is 

equal to the major axis 2a, 

(2) The focal distances of any point on the ellipse make equal 

angles with the tangent at that point. 

Let I be the image of S in the tangent PQ. Join IP and produce 
to S', so that IS' = 2a> Then S' is clearly the other focus; for, by the 
construction, 

SP + PS' = IP + PS' = 2a, 

and the angle SPB is equal to the angle S'PQ. 

Now that the two foci are known, and the length of the major axis, 
it is an easy matter to draw the ellipse. 

It should be noticed that <j, and therefore the period r, depends 
only on d and n for a given attracting centre. Hence, if different 
bodies be sent off from the same point with the same velocities but 
in different directions, their major axes and their periods will all be 
the same, because // depends only on the magnitude of V, and not 
on its direction. 

360 . If n is greater than i the orbit is an hyperbola, and we get the 
major axis by changing the sign of the right-hand side of (4). To find 
S' in this case, we have to produce IP backwards and again make IS' 
equal to la. Any tangent to an hyperbola passes between the foci and 
makes equal angles with the focal distances. Also the diffet‘ence of the 
focal distances is equal to the major axis. 

361 . There are two necessary conditions for a circular orbit. These 
conditions are—(i) that the direction of projection must be perpendicular 
to SP; and (2) that PS' must be equal to SP, that is, a must be equal to 

k 

d. This last condition makes n equal to and therefore 

k 

If « =s I the orbit is a parabola, and = 2 twice the square of 

the circular velocity, as we have remarked before (Art. 356). 

362. Time occupied by a Body describing: a Parabolic Orbit in 
travelling from one end of the Latus Rectum to the other. —The time 
occupied is the area cut off the parabola by the latus rectum divided 
by \h^ the area swept out by the radius vector in unit time. Now for 
a parabolic orbit 


1 k 
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and the equation of the parabola is 

4 =^ .(*) 

/>2 r 

By comparing (i) and (2) we find 

. .(3) 

The area cut off a parabola by the latus rectum can easily be found 
by integration. Its value is 

A = |/*.C 4 ) 

Hence the required time is 

.(5) 

It is worth while to compare (3) with the corresponding equation 
for a circular orbit. In a circular orbit of radius a 

^ = ^ .( 6 ) 

a 

and therefore ^ ^ ak .(7) 

Thus the rate of describing area in a parabolic orbit is the same m 
in a circular orbit the radius of which is equal to the semi latus rectum 

^ 36 ^We°wUl now work a few examples on the inverse square law 
Eicample i.—The earth is at perihelion very nearly at mtd-imnter for 
northern latitudes. If it were exactly at mid-winter the equinoxes would 
occur when the earth is at the ends of that latus rectum which passes thr^h 
the sun. Taking the eccentricity of its orbit as find the intervals between 

cu, off .h. .«ip» by .he b.,» „«.m 
through the sun. Then the time occupied in describing the portion of 
the mbit bounding this area being denoted by 4, we get, smce the 
radius vector describes area at a constant rate, 

_ h — =-—.(i) 

one year area of ellipse 

that is. . 


Now, since the eccentricity is small, the distance ea between the 
centre of the ellipse and the sun is very small, and consequently the 
area between the minor axis and the latus rectum may be regarded as 
a rectangle, whose sides are ea and ib. The area of the rectangle is 
zeab^ and therefore 

« • « « • (3) 


A = }^ab — 2eab . . . 
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Hence 


A = 


\ 7 Tad — 2eab 


irab 


year 


-i('-f) 


year 


( 4 ) 


This differs from half a year by 3*8 days. This would be the interval 
from the autumn to the spring equinox. 

364. Taking the eccentricity of the orbit of Mercury to be 0-2, 
and its period of revolution as ^ days, find 

(1) the ratio of the least to the greatest velocity; 

(2) ita major axis in terms of that of the earth’s orbit; 

(3) its velocity at one end of the minor axis, making use of 

the earth’s velocity. 

(i) Since pv is constant, the velocity varies inversely as /. The 
perpendicular p has its greatest and least values when the planet is at 
aphelion and perihelion respectively (the ends of the major axis). 
These values of p are a ea and a — ea. Hence the ratio of the least 
to the greatest velocity is 


a ea i + e 3 

(2) If R is the radius of the earth’s orbit, then 


and therefore 


_ /_88 Y 

^ o 

R = 0-387 . 


(1) 

(2) 

(3) 


(3) When the planet is at the end of the minor axis its distance 
from the sun is a. The energy equation gives 



k 

a 


2a 

— i ^ 

“ — * • • . • * 

2a 2 a 


Hence 


Vo-sly . 

Now the velocity in the earth’s orbit (assumed circular) is 


VI 


21t X OS’S X io« 

- ^ -18-5 miles per sec. 

365^ X 24 X 60 X 60 ^ ^ 


Consequently 

V = 


^0-387 


X 18 5 = 29 7 miles per sec. 


. (4) 
■ (5) 


. ( 6 ) 

• (7) 
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365 . A body is projected from the eartRs surface with a velocity 
n n being a number and R the earth's radius: to find the major axis 
of the orbit relative to the earthy neglecting the attraction of other bodies. 

The attraction of the earth on unit mass at distance r is 


R 2 

. . . (i) 

^^2. 

Hence tne energy equation of the projected body is 


. 

r 2a 

, . . (2) 

Since = «V R^ when r = R, this gives 


. . . , 

. • . (3) 

whence a = —. 

2 — 

, . . (4) 


If = 2 this gives = oo , and the orbit is therefore a parabola. 

Since V^R^ is about 26,000 feet per second, n is usually a small 
quantity for any actual projectile at the earth’s surface. Thus taking 
the velocity of projection of a shot from a large gun as 2000 feet per 
second, we find n = Hence 

= 7~3r = +55 b) nearly .... (5) 


Thus the major axis of the orbit differs from the radius of the earth 
by (2a — R) = ^I^R =5 117 miles about. If the projectile is started in 
a horizontal direction, the other end of the major axis is therefore 117 
miles beyond the earth’s centre. 

866. Given the Orbit, to find the Law of Attraction.— Suppose 
the tangential-polar equation of the orbit is known; that is, / is known 
in terms of r. 

The energy equation gives 


I ^2 
2/2 


= -jFdr 


(0 


Differentiating with respect to r, 

dp ^ 

p^' dr~^ . 

This gives P in terms of r, since the equation to the orbit enables us to 
express p in terms of r. 

Example i. —Conic about a focus. 


Here 


/ _ 2 I 

/2 ~ r ~ 5 


. (3) 


Differentiating both sides with respect to r, 

/ ^2 


— 2 


dr' 


(4) 
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r T> 

Therefore P — ^ • ^2 ^2 ♦ • • 

. ... is) 

m 

If the orbit is the branch of an hyperbola farthest from the centre of 
force, the equation is 

1 _ _ 

/>2 a ‘ • 

. . . . (6) 

Thus ^ 7” • • • • • 

. ... ( 1 ) 

Since a positive value of P denotes an attraction, a negative value 
must denote a repulsion. Hence for this orbit the law of force differs 
from the gravitation law only in being a repulsion instead of an 
attraction. 

Example 2 .—Circle with pole on circumference. 

f'Z 

Here / = — . . • . 

. . . . (8) 

_ T dp f 2a^ r 

Therefore . . 

. . . . (9) 

and consequently P = ^ . 

. . . . (10) 

367 . Orbits in Polar Co-ordinates.—If the pole 
of force the equations of motion for unit mass are 

is at the centre 

dfi \dt) * • 

. . . . (i) 

dt\ dt) ® • 

. ... (2) 

dS 

and (2) gives r2— = ^ • • • 

dt 

• • • • (3) 


To get the differential equation of the orbit we must eliminate / 
from (i) and (3). This differential equation takes a simpler form if - 
be taken as the dependent variable instead of r. Let, therefore, 


Equation (3) gives 

d 0 A , . 

I 

« = -. . - 


• (4) 

. ( 5 ) 

Then 

dr dr du dd 
dt du dd dt ~ 


du 

-^d 0 ■ ' ■ 

• (6) 

and 

11 

1 

II 

d 9 d / 

- -'‘""’S ■ 

• (7) 
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By means of (5) and (7), equation (1) can now be written 






— P 


or 


(Fti 

dS^ 


+ u 


P 


( 8 ) 

( 9 ) 


This differential equation gives the orbit when P is known, and it 
gives P when the orbit is known. 

368 . A first integral of equation (9) in the last article can always be 
found if we can integrate P with respect to r. 

dll 

Multiplying both sides of (9) by we get 


du d'^u 


du 


P du 


de dd^ '^^*de~ /fiu^ dd 


(i) 


Integrating this with respect to 

*{(*)' 


jA^u^ 


du -f” C 


(*) 


This is simply a disguised form of energy equation, for it corresponds 
to equation (6), Art, 350. 

From Fig. 170 

p rsm<f> 

Therefore i -- -i cosec^ 6 

aO *> • 



= l(l + COt2<^) 

(du\^ 

\de) * ’ 


Since 

Thus, equation (2) can be written 


dr 

r 


= _|_ I 

du 

u 


2 >2 ^ ~ Az'*' ^ ’ 


(3) 


(4) 


which is the same equation as (6), Art. 350. 

A 

Since^ is the velocity, it follows from (3) that the square of the 
velocity is 


\ddj 


: + 


•••*••• (5) 
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For the radial and 


This expression can be easily obtained directly. 

transverse velocities are and Hence 

dt dt 

V// \dt) dt) «2 \dt) 


But 
and therefore 


— = htfi or dt = - s 
dt hu^ 






• ( 6 ) 

• ( 7 ) 


( 8 ) 


Equation (3) gives the relation necessary for transforming tangential- 
polar equations into ordinary polar equations. 

369 . We will now return to equation (9) of Art. 367 and find the 
orbits for certain laws of force. 

Inverse cube law* 

Here P = = ku^ .(i) 

The equation giving the orbit is 

dhi ^ k , . 

+ " - hhfi - . 

d^u / \ . 

Id^^V ~'hir~° .( 3 ) 

k 

If > I, the solution is (Art. 337) 

u = Ke ' + Be . 

k 

And if ^2 ^ solution is (Art 292) 

»=Csin . . 1 . 

Since the equations of equiangular spirals have the forms 


. (4) 

. (5) 


it is clear that, if A or B is zero, the orbit in (4) is one of these spirals. 

If B and A have opposite signs, and B is greater than A, there is a 
particular value of 6 which makes u zero, and therefore r infinite. 
Whereas if B is less than A, u becomes infinite, and therefore r zero, 
when 8 becomes infinite. The general curve given by (4) has thus this 
property in common with the equiangular spiral, that it leads ultimately 
either to the centre of force or to infinity. 






362 MECHANICS OF PARTICJ ES AND RIGID BODIES 


It is easy to see the character of the orbit determined by (5). 
Whatever be the initial circumstances of the motion, r will become 
infinite for the first value of B which makes the right-hand side zero. 
370. Inverse Square Law. 

.(l) 


Hence 


dd^ //2 


(2) 


This is similar to equation (8), Art. 296, and its solution is 

“ = 4 +• • • • 


(3) 


Now the polar equation of a conic with eccentricity e and latus 
rectum 2/ is (see Appendix) 

K = p=*(l t^cose).(4) 

when the pole is taken at one focus and the major axis is the 
initial line. The upper or the lower sign in the bracket must be taken 
according as the direction of the initial line is towards, or away from, 
the point on the conic nearest to the pole. 

By comparing (3) and (4) we see that (3) represents a conic in 
which 

_ I _ ^ /r\ 

. 

A= ±j.(6) 

and the initial line makes an angle with the major axis. If we shift 
the initial line back by an angle we must put 6 instead of the old 
Then the equation becomes 

* J = ;p + Acosff.(7) 

The form of the conic depends on A. Thus the orbit is an ellipse, 
a parabola, or an hyperbola, according as the magnitude of A is less 

k 

than, equal to, or greater than But in all cases the orbit is a conic. 

We have already obtained this result by means of the tangential-polar 
equation, but tangential-polar equations are rather unsatisfactory things. 
One never feels quite sure that the tangential-polar equation derived 
from one curve is not also the equation of some other curve. But the 
definiteness of the polar equation (7) removes all doubt whether the 
orbit can be anything but a conic. 
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371 . Given the Orbit, to find the Law of Force, —The equation 
giving P is 


=MS+-).(.) 


By means of the equation to the orbit can be expressed in terms 

of u, and therefore P can be expressed in terms of and that is the 
problem before us. 

We will find the law of force for the system of curves. 

cos nO .(2) 

Taking logs of both sides, we get 

n log^ r = — « log^ u = log^ -h log^ cos nO . . (3) 

Differentiating with respect to 0 ^ 

n du ^ sin nd 
u \os nQ 


or 


Differentiating again, 

I dhi 


I du 
u dd 

I /du \^ 


= tan nd 


i/duY , 

-uks) 


nO, 


(4) 

(5) 


Therefore, putting tan nd for io (5), 


I ^ 

u d6'^ 


tan2 nd n sec^ nd 
= (n + i) sec2 nd — i 
= («+1) 


f 2 n 


Hence 


Thus P oc 




\) „ u 
';2n 




= (« -f 
for this curve. 


I 

;~2n+3 


(6> 


( 7 ) 


Many well-known curves are included in the form (2), as is shown 
by the following list;— 

« =s r gives a circle with pole on circumference. 

= — 2 gives a rectangular hyperbola with pole at centre. 

« = — ^ gives a parabola with pole at focus. 

« — — I gives a straight line. 

« = i gives a cardioid with pole at cusp. 
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Equation (7) shows that for the straight line (« = — i) P is zero. 
This, of course, must be the case if the straight line does not pass 
through the pole. 

372 . Let the equation of an orbit be 

r = acos^d ..(i) 

Then u = ~ sec^ d .( 2 ) 

a ' 

= -(6 sec^ 6/ — 4 sec2 0 \ 
au^ a 

= -( 6 a^u^ — ^au) .• (s) 

Therefore P = 

.(4) 

373 . Time taken to describe an Arc of a Parabola by a body 
attracted towards the focus.—The equation to a parabola referred to 
focus as pole and the line towards the vertex as initial line is 

"=I+COS^.(i) 

Now, for a central force through the pole 

.. 

, . dt 

/2 j Vv / \ 

A {l + cos 0)2 

/2 I 

4 cos* - 
2 

/2 S 
c= — sec* - 

2'^') .t 3 ) 

Henco / = “ + *) sec* ^d0 
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No constant need be added if the time from the vertex (or peri¬ 
helion) is required. 

Now by equation (6), Art. 356, 

.. (5) 

Also, if d is the perihelion distance, 

l=2d {6) 

Hence, substituting for h and / in {4), 




It is often convenient to have t expressed in terms of r. From (i) 


I -f cos ( 


+ tan2 - ) 


tan2^ = '’ - 

2 d 


Substituting in (7) for tan - 


__ /2{r — ^/) r 2d 

"”V k 2 ' 


374. Time taken to describe an Arc of an Ellipse under a Force 

towards One Focus. —The time can be obtained by integrating -j- with 

respect to 0 , as was done for the parabolic orbit. But the integration 
is more troublesome in this case. 

We shall therefore’* use a different 
method. 

Let S be the point of attraction, 

P the position of the particle at 
time / after passing A, the peri¬ 
helion point. P' is the point on the 
auxiliary circle corresponding to P. 

Since is the area swept over by 
the radius vector in unit time, it 
follows that 


2 (area of sector SAP) 



Now, if {x^y) are the co-ordinates Fig. 171. 

of a point on the ellipse referred 

to rectangular axes CA, CB, and if (f) denotes the eccentric angle of P, 
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But X = acos 4 >',y = l> sin <f>', where tfl is the eccentric angle of the 
point (4;,^). Then 

dx = —asin(f>i/<p .• (3) 


Hence 


area MAP = / ab sin^ 

J 0 

(l — COS 2(^’)d(ff 


= iab{(^ — ^ sin 2<f>) 


(4) 


Thus 

area SAP = i sin 2^) + iSM • MP 

= ^ab{<f> — sin (f> cos <f>) + i(CM — CS)MP 
s= ^ab{<f) — sin (f> cos (f)) + i(^ ^ ^ 



s= ^ab(<f> -- e sin <f>) . 

.(5) 

Hence 

/=- “~^sin^)==\/j(0 - 

- e sin <f>) . . (6) 

since 

h^=^kl-k- . 

a 

.(7) 


To express / in terms of $ we must find a relation between <f> and 0 . 
Thus, since MP and SP are the j and r of the point P, 

b sm (f> - y == r sin ^ (8) 

And by the equation of the ellipse 

/ ^ ^(r-.2) 

i+^cos0 i+<rcosl9. 

Therefore (8) and (9) give 


sin <f> = 


a (i — e^) sin 0 
b {1 + e cos 6 ) 






sin 0 


l + € COS 0 


• (10) 


This gives the value of <j> corresponding to any value of 0 . If we 
put the value of ^ in (6) and substitute for h from (7), we get 


/ 



VI — sin 
I + ^ cos 0 ) 


r — c^sin 0 \ 

I + ^cos& i* 


When 0 increases by a multiple of tt, ^ increases by the same 
amount. Putting 0 = 277, we get the result already given for the whole 
period, namely, 


_ 27Tai 


(12) 


Writing r for the whole period we may express the time for any 
value of 0 thus— 


- Ysin"*^ a/i ^ sin 0 ^ e\/j — sin 
air \ X + ^ cos 0 1 + ^ cos 0 ) 


(^ 3 ) . 
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376 . A few examples will now be worked in illustration of the 
formulae. 

Example i. —If the perihelion distance of a comety which describes a 
parabola about the sun^ is equal to the earth's mean distance from the sun^ 
to find the time it takes to travel from perihelion. 

By equation (7), Art. 373, 




tan 3 30° 4* tan 30®) 




But since d is the earth’s mean distance, 

I year . . . . 

10^2 


(i) 


(*) 


Therefore 


/ = 


= 0*150 year 


9V^3.27r 2777 

= 55 days nearly.(3) 


Example 2. —If the perihelion distance of a comet describing a parabola 
is 0*586 of the earths mean distance^ to find how long it takes to describe 
Zd from perihelion and to find Us distance from the sun then. 

Writing R for the earth’s distance from the sun, we get— 

/ = tf 5^6)~R ^ 

year 


277 


s= 0*1010 X 1*036 year = 0*1046 year 
= 38*2 days. 


(4) 


To find the distance from the sun we must use the equation of the 
orbit 


When 9 = 80® we get 


r = 


I + cos 80° 


- =r I + cos 9 

r 


^ 2(o*586)R 


1*174 


R nearly . 


( 5 ) 

( 6 ) 


Example 3. —The period of Hallefs comet is observed to be about 75 
yearSy and its perihelion distance is 0*5 86 R {the same distance as we took 
for the parabolic orbit in the last example)^ to find the time of describing 80® 
from perihelion and the distance of the comet from the sun at that time. 
Since the eccentricity is not unity in this case the work is rather 
more laborious than for the parabolic orbit. 
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By comparing the period with that of the earth we get the ratio of a 
to R thus— 



Hence 


- = ( 7 S)* = 17-78 


( 8 ) 


or 


Now the perihelion distance is ^(i — e). Consequently 
a(i — = o‘586R 

.R 


e— ~ 0*586- -f I = 0*96704 • . . ( 9 ) 


‘J'herefore a/i — ~ 0 2546 . • . . • (10) 

When Q = 80*^ 

I a(l — ^2) 


r = 


= o*987R . (11) 


1 e cos 80® I -f (o*967)(o i 736) 
and by equation (13), Art. 374, 

/ == Zifsin“^_ sin 80 °_ (o*967)( o* 2 546) sin 80^) 

27 rl I + (0*967X0*1736) I + (o*967)(o*i736) 5 

= (o'2i47) - (o-967o)(o-2I47)} 


75 

= —-(0*00875) = 0*1044 year 

2TT 

= 38*1 days.(12) 

376. The close agreement between the results in the last two 
examples shows how difficult it is to distinguish between a parabolic 
orbit and a long elliptic one by means of observations made near a 
focus. Since a comet is visible to us only while it is in the neighbour¬ 
hood of the earth’s orbit, it is easy to see then why the path of a comet 
is always assumed to be a parabola until very exact observations have 
proved that it is not one. 

377. A Circular Orbit is always possible under a Central Force. 
—When a particle is acted on by a force towards a fixed point which 
is a function only of the distance from that point a circular orbit is 
always possible, the centre of the circle being at the point of attraction. 
For, if the body be started at distance a from the centre at right angles 
to the radius vector through that point with a velocity given by 

?=/(«).(^> 


(assuming that f{r) denotes the attraction on unit mass at distance r) all 
the conditions for circular motion are satisfied, and consequently the 
orbit will be a circle of radius a. 
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That a circular orbit is always possible can easily be shown from 
the equations of motion. The equations are 


d^r 
dtt ' 


and 


d 

dt 


= -Ar) 

■ ■ 


(2) 

(3) 


de 


These equations are clearly satisfied by r = <7, = w, where a and 

n are constants, provided only 

.(4) 


which is the same condition as (i), because v = an when a is constant. 

The radius a may have any magnitude whatever provided v is 
determined from (i). 

378. Stability in a Circular Orbit.—But although a circle is a 
possible orbit when the initial conditions are exactly adjusted, it may 
happen that a slight deviation from these conditions will cause the 
particle to wander, after a lapse of time, far from the original circle. 
Or, on the other hand, a slight deviation may cause the particle to 
describe an orbit every point of which is but slightly removed from the 
circular one. In the former case the circular orbit is said to be 
unstable, and in the latter case, stable. Our aim at present is to 
establish a criterion for determining whether, for any given law of 
force, a circular orbit is stable or unstable. In those cases where the 
equation to the orbit can be calculated for any possible initial con¬ 
ditions this criterion is, of course, unnecessary. For instance, in the 
case of the inverse square law of attraction we know that the orbit is 
a conic with the pole at one focus. It is, therefore, quite obvious, 
from considerations of continuity, that a body, starting under conditions 
differing only slightly from those necessary for circular motion, will 
describe a nearly circular ellipse, for this is the curve which comes next 
to the circle in the series of possible conics. But we are imable to 
calculate the general orbit except for a few laws of force, and it is 
for the general case that our criterion is useful. 

379. I..et us suppose that a particle is moving at one instant under 
conditions which very nearly agree with those necessary for circular 
motion, and that ever afterwards the particle is subject to no forces but 
the central one. Since P, the attraction on unit mass, is a function of 
1^, we may write it in the form 

V==:ku^-f{u) .(i) 


Now the differential equation of the orbit is 


d^u 

dd^ 


4- = 


P 



(*) 


where h denotes, as usual; the constant moment of the velocity about 
the centre of attraction, 
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Now let tf be a constant determined by the equation 

« = ;^/(«).. • (3) 

The meaning of a is easily deduced from the fact that u ^ a satisfies 

equation (2). Thus ~ is the radius of the circular orbit which a particle 

could describe if it had the same h as the particle we are dealing with. 
Since the central orbit is not exactly circular, let us put 

u-a^rx .( 4 ) 

where x is at first small. We have now to discover under what 
conditions x will for ever remain small. 

Putting a + X (or u in (a), we get 

k 

4-^ -f .( 5 ) 


As long as x is small we can expand the right-hand side of (5) by 
Taylor’s theorem and consider only the first power of x. Thus 

X k 

-^Ql+a + x = j^\f{a)-irx/’{a)\ .... ( 6 ) 


Since a satisfies (3), this last equation gives 



If the coefficient of x is positive in (8), this takes the familiar form 
(Art. 292) 


2 


( 9 ) 


the solution of which is 

jr == A cos + P) .(10) 

Hence, if A is small, as it generally would be with the initial con¬ 
ditions we have assumed, x is always small, and the orbit is therefore 
nearly circular. In this case the circular orbit is stable. 


Since r = - = — - — = ^ ^ nearly • . . . (ii) 

u a -h X a 

we see that the motion may be regarded as a motion along the 

circle together with small oscillations in and out of this circle. 

But if the coefficient of x in (8) is positive, the equation has the 
form 
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the solution of which is, by Art. 337, 

X ^ .(13) 


and thus x is big when 0 is big (unless the initial conditions are so 
nicely adjusted that C is exactly zero) until the approximate equation 
(8) ceases to be valid. 

The condition, tlierefore, that a circular orbit should be stable is that 


I 



(14) 


should be positive, where - denotes the radius of the circle. 


Whereas 


if this quantity is negative the circular orbit is generally unstable, and 
if it is zero the above investigation gives us no information concerning 
stability. We should have to take account of higher powers of x in 
(8) to decide the question in the last case. 

380 . Stability for Particular Laws of Force. —If the attraction 
varies inversely as the wth power of the distance, then— 


= w”.(1) 

that is, f{a) == .(2) 


Hence i - = i - (« - 2) = 3 - « . . . . (3) 

Thus a circular orbit with any radius is stable if n is less than 3, 
When « = 3 th^ method of the last article fails, but in this case we can 
solve the differential equation exactly. Here 


/(«) =« 


(4) 


On putting (a + x) for u in the differential equation, we get 

^2 + a + a; = ^2(a + *).(5) 


Now, since h has to be the same as for a circular orbit of radius 
equation (3) of the last article must be satisfied. That is, 


a = 



. ( 6 ) 


This equation does not determine a as it does for every other law 

k 

of force, but it gives h in terms of k. Putting i for ^ in (5), we get 


d^u 


( 7 ) 


Therefore ?/ = + B = A (0 + ci) . . . . . (8) 

This is a sort of spiral leading either towards the pole or towards 
infinity. Thus a circular orbit is unstable. The equation (8) ceases to 
hold, of course, when kB is large. 
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For the inverse square law of attraction 

f{a) = I.( 9 ) 

and therefore i — a~^}- = i.(10) 

/(«) 

Hence x — A cos {6 + P) .(ir) 


that is, if A is small, ^ A cos (0 ^ B) , . . . (12) 

By comparing with previous results we know that J is /, the semi 

latus rectum. For example, the earth's orbit, which is an ellipse with 
eccentricity can be very accurately represented by 

^ cos 0).(13) 

Q being measured from perihelion. 

This gives the correct value of r when 0 = 90°, but leaves slight 
errors at perihelion and aphelion. If we want the equation to give 
correct values of rat perihelion and aphelion we must replace /by^^i, 
the semi-major axis. Then 

r = <7i(r-sVcosd).(14) 

381. If the velocity of a particle, acted on by any system of con¬ 
servative forces, be suddenly reversed, the particle will retrace its 
orbit in the backward direction. 

We are supposing that the particle is moving in one direction with 
velocity and that its velocity is suddenly changed into v along the 
same line, but in the opposite direction. 

Since the forces are conservative they have a potential. Let V 
denote the potential at any point 

To prove that the particle will retrace its path let us suppose that it 
is constrained to do so, and we shall show that there is no pressure on 
the constraining curve. We are to suppose that there is some arrange¬ 
ment, such as a smooth tube or wire, along the curve described by the 
particle in the free forward motion, so that when its velocity is reversed 
the particle is obliged to move along the same curve. 

The energy equation tells us that 

\mv^ -f V = const.. . (i) 

And since, immediately after the reversal of the velocity, the energy 
is the same as before, it follows that the velocity at any point in the 
backward motion is the same as it was in the forward motion at the 
same point. Also, if N is the whole normal foroe on the particle and p 
the radius of curvature, 

m— = N.( 2 ) 

9 

Since v and p are just the same as in the forward motion, N is there* 
fore the same. But the normal force in the backward motion is the 
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same as the normal force in the forward motion together with the 
pressure of the constraining curve. Hence the pressure of the curve is 
zero. That is, the particle will retrace its path without a constraining 
curve. 

882 . A point on a central orbit at which the tangent is per¬ 
pendicular to the radius vector from the centre of force is called an 
apse. The corresponding distance from the centre is an apsidal distance. 
The angle between the radii to two successive apsides is an apsidal 
angle. 

We shall now prove that in any central orbit there are but two 
different apsidal distances and one apsidal angle. 

If the direction of motion of a particle were suddenly changed at an 
apse, the* speed being the same as before, the particle would retrace its 
path. But since the direction of motion at an apse is perpendicular to 
the radius vector, it is clear that the orbit described in the backward 
motion would be the image in the apsidal distance of the orbit described 
in the forward motion. That is, the real orbit is symmetrical about 
any apsidal distance. Hence the two apsidal angles on each side of 
any apse are equal, and likewise the two apsidal distances on each side 
are equal. The apsidal distance of the apse we are considering is equal 
to the next but one on either side. Thus all apsidal angles are equal, 
and alternate apsidal distances are equal. 

The apsidal distances can be found by putting r for p in the 

dti 

tangential polar equation (6) of Art. 350; or by putting zero for ^ in 

equatidn (2) in Art. 368. When the orbit is a conic about a focus the 
apsidal angle is 180® and the apsidal distances are the two portions of 
the major axis, namely ^7(1 — e) and a(i -f e). 

In elliptic Harmonic motion, where the centre of the ellipse is the 
point of attraction, the apsidal distances are the semi-axes and the 
apsidal angle is 90°. 

When the force varies inversely as the cube of r, there is not more 
than one apse whatever be the character of the orbit. 

383 . Apsidal Angle in a nearly Circular Orbit.- —With the same 
value of c as in equation (9), Art. 379, the radius vector in a nearly 
circular orbit is given by the equation 

i = 77 = + A cos (cd + P) .(i) 

At an apse r is either a maximum or a minimum, and therefore u is 
either a minimum or a maximum. At these points it is obvious that 


cos (cO -h p) == ± 1 .(2) 

or cd + P = UTT .(3) 

where n is any integer. 


The apsidal angle is the difference between two successive values of 
0 giv6n by (3). If € denotes this angle we find 
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For example, if the attraction is ~ equation (3) of Art. 380 gives 


= 3 - « • 

Hence the apsidal angle is 

TT 


(5) 

( 6 ) 


Thus, as we already know, for the inverse square law, when « = 2 

e = .(7) 


and for an attraction proportional to the direct distance, when « = — i, 


Suppose 




^2 + /s) = . • • • 


( 8 ) 

(9) 


in a nearly circular orbit. Here 


/(«) ^ ^^8) z=: \ ^ bu .... (10) 

= ^.(ii) 

and therefore i — y -7 . , . . (12) 

/(^) X ab 

Hence the apsidal angle is 

€ = TT'J j -i- ab .(13) 


In this case the apsidal angle depends on « as well as b. That is, if b 
is fixed, the apsidal angle is different for different radiir 


If ^ sr . i then 
16 a* 


If ^=3 




« = V. 

€= 27T .( 15 ) 


384 . A particle of mass M is attached to a light stritjg, which passes 
through a small hole in a smooth horizontal table on which the particle lies. 
The lower end of the string is fastened to one end of a flexible chain of mass 
m per unit lengthy which lies on the floor just underneath the hole in the 
table. The lower end of the string is held firmly at the level of the floor^ 
while M is made to move in a circle on the table. If the string is let go 
while M is mewing^ to show that the particle always lies betueen two fixed 
circles in the subsequent motion. 

Let u be the radial component of the velocity of M at any instant, 
and V the transverse component. Then the upward velocity of 'the 
chain is clearly u. Let ^ be the radius of the circle which M was 
describing at the beginning, and r the distance of M from the hole at 
any instant 
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The length of chain which has been raised off the floor is (r — ^), 
the increase in the radius vector to M. The centre of gravity of this 
is%a,t a height ^(r — ^), and therefore the work done in raising it is 

i{r -.d) . mg(r - b) = \mg(r - bf . . . . (i) 

The work done by the weight is the negative of this. 

The kinetic energy of the raised chain is 

\m{rb)u^ .(2) 

Equating the gain in kinetic energy of the particle and the chain to 
the work done on these bodies, we get 

iM(«2 + z/2) + lm{r - ^)//2 ~ \mg{r ~ bf (3) 

where Vq was the velocity of M in its circle. 

The tension in the connecting string clearly does no work on the 
system, for it does positive work in moving the chain up, and an equal 
amount of negative work on the particle as it moves outwards. 

Since the force on M acts through a fixed point, the moment of 
momentum about this point is constant. Hence 

rv^ bvQ .(4) 

Substituting for z/ in (3) and rearranging the terms, we get 

{M -f tn{r — b)]tfi = — ^.2) ““ ~ 

/•2 - b- 

ae: -^ 2- 

= - mgir - ^)|(r - b) . (5) 

If ever the whole of the chain lies on the floor, the term m{r’^b)u^ 
must be omitted from the left-hand side of (5), for this term arises 
from the kinetic energy of the chain, and this is clearly zero when all 
the chain is on the floor. 

The left-hand side of (5) can never be negative, and consequently 
the right-hand side must not be negative. Now, when r is less than by 
the factor (r — b) on the right-hand side of (5) is negative, and the 
other factor is clearly positive for positive values of r. Hence r cannot 
be less than by for that would make the left-hand side negative. We 
have now to show that there is an upper limit to r. When r is greater 
than b the factor (r — b) is positive, and of the two terms in the other 
factor, namely, 

which = + ^2^ ... (6) 

and fng{r-^b) .(7) 

the first clearly decreases continually as r increases, and the second 
increases continually. Since the second one (7) starts at zero when 
r = it is clear that there is a particular value of r which makes the 
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two expressions (6) and (7) equal. After this point (7) goes on in¬ 
creasing and (6) decreasing as r increases, and consequently their 
difference, the first factor on the right-hand side of (5), is negatife. 

Hence r cannot be greater than the single positive root of the equation 

* 

-= o.(8) 


Thus M is confined between two circles, the radius of the smaller 
being and that of the larger being the positive root of (8). 

The radius of the larger circle depends on the value of 


mg 

Let this quantity be in ^ particular case, 
becomes 




r^b 


{r — ^) = o 


.(9; 

Then the equation (8) 

• • • • 


This is satisfied by r = ~b. 

To solve equation (8) in the general case it will usually be found 
easiest to plot the two curves 


and 


y = X ^ b 


M 7 ‘o^ X -\- b 
mg 


(10) 


The value of x at the point of intersection is the value of r required. 

The tension in the string when the particle was describing the circle 
of radius b was 


To = 


Uv^ 

b 


(ii) 


In the particular example worked out 

b 


mbg 


(12) 


that is, the tension of the string just before it was released w’^as equal 
to the weight of a length of the chain. 

385. Energy Equation for a Particle attracted to several Centres 
of Force. —The general equation of energy for a particle may be expressed 
thus— 

= W.(i) 

where W is the work done on the particle while its velocity changes 
from to v. 

If the particle is attracted towards a fixed point with a force P, the 
work done ia any displacement is 



where and ri are the distances of the particle from the centre of 
attraction at the beginning and end of the displacement. If forces act 
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towards several points, there is a term in W similar to (2) for every 
point. Thus if the particle is at distances r, r\ etc., from several 
centres attracting with forces P, F, P", etc., then the energy equation 
becomes 

^rnv^ ^ _ jp'V//' -f ... . (3) 

If the attraction towards a point varies as then 

-2 



If all the forces vary inversely as the squares of the distances, we may 
write the energy equation 

k F F' 

—. - — ^, -r a constant • • . (5) 

leaving the lower limit indefinite. 


EXAMPLES ON CHAPTER XVII 


1. Given that the moon’s period is 27*3 days and its distance from the 
earth 240,000 miles, find the major axis of a satellite which would describe its 
orbit about the earth in 365^ days. 

[2,706,000 miles.] 

2. The period of Halley’s comet is about 76 years. Calculate the ratio of 
the major axis of its orbit to the earth’s distance from the sun. 


[ 35 - 88 .] 

3. Compare the squares of the velocities of Halley’s comet and of the 
earth when they are at the same distance from the sun. 

j^The ratio is , the comet having the greater velociiy.j 


4. Many short-period comets describe long, narrow ellipses whose aphelia 
are just beyond Jupiter’s orbit. Assuming their perihelia to be very near the 
sun and that Jupiter’s period is 11*86 years, find the smallest period of the 
comets. 

[4*19 years.] 

5. A body is projected horizontally from a point on the earth’s surface. 
If air resistance could be neglected, with what velocity would it have to be 
projected to describe (i) a circle ; (2) a parabola ? 

[(0 I (2) ; R being ths earth’s radius.] 


6. A body is proje cted horizontally from a point on the earth’s surface 

with the velocity R being the earth’s radius. What will be its 

maximum distance from the earth’s centre ? 

* [3RO 

7. If a body is projected horizontally from the earth’s surface with the 
velocity >v^r8R^, what will be its period and its maximum distance from the 
earth’s centre ? 

[iS -9 hours ; 9R.] 
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8. A projectile is fired horizontally from the earth’s surface with a velocity 
of 2200 feet per second. How far from the earth’s centre is the other end of 
the ellipse of which its path forms a part ? 

[14*24 miles.] 

9. Assuming that the eccentricity, of a planet’s orbit is a small fraciiun, 
show that the ratio of the times taken by the planet to travel over the two 

halves of its orbit separated by the minor axis is nearly i + —. 


Apply this to the earth’s orbit, for which e = 


60’ 


and find the difference 


in the times. 

[3*87 days.] 

10. A body is describing a circle m a central orbit, the force varying 
inversely as the square of the distance. If the attraction suddenly decreases 
by half, show that the subsequent path is a parabola. 

(Board oj Education ^ higher paper in Theoretical Mechanics^ 1912.) 

11. A particle is projected at right angles to the line joining it to a centre 
of force, attracting according to the law of the inverse square, with a 

velocity ■—V, where V denotes the velocity from infinity. Find the 

eccentricity of the orbit described and show that the periodic time is 2irTi 
T being the time taken to describe the major axis of the orbit with velocity V. 

(Lo?idon B,Sc.) 

[e = 1 ] 

12. If different bodies have the same velocities at the same distance from 
the sun, show that the major axes of their orbits are equal, but that the minor 
axes are in the ratio of the perpendiculars from the sun on their directions of 
motion when their velocities are the same. 

13. The greatest and least velocities in an elliptic orbit being no feet per 

second and 90 feet per second respectively, and the periodic time 20 minutes, 
calculate the eccentricity and (approximately) the length of the major axis, 
assuming the centre of attraction to be at a focus. {London^ 1907*) 

= iV i tnajor axis = 38,000 feet.] 

14. Show that, if a parabolic orbit and a rectangular hyperbolic orbit have 
the same latus rectum under forces towards the foci, the velocity at the end of 


the latus rectum is | times as great in the latter case as in the former. 


15. A particle P describes a parabola under the action of a force tending 
to the focus; determine the law of force and prove that the kinetic energ^y 
is inversely proportional to the distance from the centre. 

Prove also that, if M is the foot of the perpendicular from P on the 
directrix, the motion of M is the same as that of a particle constrained to 
slide without friction along the directrix and attracted to the focus by a force 
proportional to the inverse fifth power of the distance h from the focus. 

{London B.Sc.., 1910.) 

fLet y denote the distance of the particle from the axis of the parabola, 
/the acceleration towards the focus whose component along the 

directrix would cause the motion of M ; ^ is the actual accele¬ 


ration of P. By resolving parallel to the directrix prqye that 
then/=—,.J 

16. A particle moves freely under the action of a force towards a fixed 
point varying inversely as the square of the distance. Prove that the path is 
a conic section. 
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If the initial velocity V is perpendicular to the initial distancffe <r, and if / 
is the initial acceleration, show that the eccentricity of the path is 

“ cf 


(Manchester University^ 1905.) 

17. If the velocity of a body in a given elliptic orbit is the same at a 
certain point P, whether the orbit is being described in periodic time /about 
one focus S or in periodic time f about the other focus S', prove that 


SP = 


2at 

7+?’ 


S'P 


2 at 

7+7 


where 2a is the major axis ot the ellipse. 

{London BSc.^ Honojtrs Maths.^ 1908,) 

18. A body at a very great distance from the sun is travelling with a 
speed nV along a line whose perpendicular distance from the sun is 

V being the velocity in a circular orbit of radius c. Show that w'hen the body 
is again at a great distance from the sun its direction of motion makes an 
angle 2 cot~^ vvith its origdnal direction, and find the perihelion distance. 
(The orbit is hyperbolic and it is to be assumed that the curve coincides with 
its asymptotes at a very great distance from the sun. The required angle 
is the supplement of that angle between the asymptotes in which the 
sun lies.; 

j^The perihelion distance is — i).j 

19. A particle is moving through space with a velocity v. If its motion 
were undisturbed it would pass at a distance p from a very distant stationary 
body A. In consequence of the attraction of this body the motion of the 
particle is ultimately deflected through an angle 8. Show that the mass of 
A, measured in astronomical units, is 

v^p tan ~ 

(London B.Sc.^ Honours Maths, ^ 1909.) 

[The astronomical unit of mass is the unit which makes the acceleration 

M Ml 

produced by a mass M at distance r equal to instead of k ^ I 

20. A planet, describing a circular 01 bit with velocity z/, has its velocity 
suddenly increased to nv when it is at a point P, the direction of motion 
being unaltered. If > 2 the subsequent path is hyperbolic. Find the 
angle which the asymptote, along which the planet ultimately travels, makes 
with the direction of motion at P. 

[cot~i n ^ 2.] 

21. If a body were projected from the earth’s surface with a velocity 
f 4 at 30® to the horizontal, where R denotes the earth’s radius, find the 
semi-axes of the ellipse it would describe. 



22. Find / and e for the orbit in the last question and then write down the 
polar equation to the orbit, taking the initial line through the point furthest 
from the earth. From this equation find how many degrees on the earth’s 
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surface separate the starting-point from the point where the body strikes the 
earth again. 


rEquation to orbit is — • — = i — 

L ^ 49 ^ 49 

on the earth’s surface is 175*87*] 


cos The number of degrees 


23. A number of bodies describing circular orbits round the sun all lie 
on one radius vector at the same instant. What is the polar equation to the 
curve on which they all lie at the instant when the body at distance a from 
the sun has described p radians in its orbit from the radius vector referred 
to, this radius vector being taken as initial line ? 

[The spiral; 802 ^ 3 ^ 2 ] 

24. Show that the velocity of a planetary body at any point of its orbit is 
the same as it would have if it had fallen to that point from rest at a distance 
from the sun equal to the length of the major axis. 

25. When a body moves under the sun's attraction in a straight line its 
orbit may be regarded as a very narrow ellipse. What is its eccentricity, 
and where is its perihelion point? Also make use of this to find the time it 
takes to fall from a distance 2a into the sun. 

[Eccentricity = i ; peiihelion point is at the sun ; the period is half 
of that for an elliptic orbit with major axis 2^.] 

26. If the latus rectum of the parabolic orbit of a comet is equal to the 
diameter of the earth’s orbit, assumed to be circular, and if the oi^its are in 
one plane, find the time during which the comet is inside the earth’s orbit. 

[3^ of a year.] 


27. If T is the period of a planet or comet in an elliptic orbit, prove that 
the exact times taken by the body to describe the two halves of its orbit 

bounded by the minor axis are ± 


28. Assuming that e = for the earth’s orbit, and that the radius vector 

from the sun to the earth turns through loii degrees from perihelion to the 
spring equinox, find by how many days summer is longer than winter 
in the northern hemisphere. [About 7*59 days.] 

[Note. —The line on which the equinoxes lie is a focal chord through 
the sun parallel to the intersection of the equatorial plane and 
the ecliptic*] 

29. Suppose that, when passing perihelion, a comet and its tail lie on the 
same radius vector through the sun, the whole moving with the same angular 
velocity about the sun at that point. If c is the perihelion distance of the 
nucleus, / the length of the tail, e and e' the eccentricities bf the orbits of 
the nucleus and of the end of the tail respectively, prove that 


Prove also that, if the tail is longer than portion of 

the tail beyond this length will not return. 

For Halley’s comet r = 54 million miles, ^ = 0*968. Calculate the greatest 
length of tail that will return. [About 290,000 miles.] 

30. If a> is the angular velocity at perihelion of a planetary body, prove 
that its period is 

— /jL±i_ 

w\/ (i - ^)8 
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If the tail of Halley’s comet were only 100,000 miles long at perihelion, 
with the conditions stated in the last question, find the lapse of time between 
the first return of the nucleus and of the end of the tail to their perihelia, 
assuming the period of the nucleus to be 76 years. [About 67 years.] 

31. Assume that, in the neighbourhood of the sun, the correct time in a 
comet’s orbit is given by the parabolic formula 


■V¥(' 


^ I J\ 
tan-+-tan 3 -j 


where c is the perihelion distance. If c and c Be are the perihelion 
distances of two particles of a comet which describe 9 and ^ 4- 3^ in the 
same time both having passed perihelion at the same time, show that 




9 

sec2 -^9 


2 c 2 ^ ,1 ^9 

tan - 4 - - tan 3 
23 2 

Find what this equation becomes at the end of the latus rectum. 

Take the data for Halley’s comet from question 29, and find the greatest 
length of the tail for which the end will not lag behind the nucleus by 
more than 5° at the end of the latus rectum. 

[ St* 

At the end of the latus rectum the equation becomes -” = —S^. The 

greatest length of tail is about 4*7 million miles.] 

32. The first comet of 1866 had a perihelion distance of 0*9765 times the 
mean radius of the earth’s orbit, and an eccentricity 0*9054. Find its period 
and the length of time during which it was inside the earth’s orbit. 

[33*2 years : about 26 days.] 

33. Prove that the hodograph of a body describing a parabolic orbit 
under an attraction towards the focus is a circle with the pole on the 
circumference ; and for an hyperbolic orbit the hodograph is a portion of a 
circle with the pole outside the circle. 

34. Show that the orbit described by a body, moving under a repulsion 
from a fixed point varying inversely as the square of the distance of the 
body from the point, is one branch of an hyperbola, the fixed point being 
the focus in the other branch, 

35. A stone is dropped down the shaft of a mine h feet deep at the 
equator. Show that it will strike the bottom of the shaft at a point 
approximately 

n ( 2 h)^ 

3'~VF 

to the east of the vertical line from which it started : n is the angular velocity 
of the earth about its axis. 

(^London Inter, Sci,^ Honours Maths , 1907.) 

[ (d 9 \% 
Use the polar equations of motion and neglect the term d ^ j in 

the radial acceleration, since this is approximately rn\ which is 
F d 9 /R \2 / W2v 

about Prove that r = R - ^ + ^ )« 

nearly, R being the earth’s radius. The deviation from the 
vertical is R(tf - «/).] 
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36. If a body is dropped from a height h above the earth’s surface in 
latitude <f>, show that it will strike the surface at 

» ,( 2 - 4 )^ 

— cos <p —r— 

to the east of the vertical through the starting-point. 

Experiments were made in Paris in 1903 to prove the rotation of the 
earth by the deviation from the vertical of a ball dropped on to the floor 
of the Pantheon. The height from which it was dropped was 68 metres, 
and the mean easterly deviation in 144 falls was 6*3 millimetres. If atmo¬ 
spherical and other disturbances could be entirely eliminated, what should 
the deviation be ? (The latitude of Paris is 48® 50'.) 

[8-07 millimetres. Use the method of the last example.] 

37. Determine the path described round a fixed centre of force by a 
particle when the acceleration towards the centre is of the form 

in terms of the velocity V at an apse, and the distance a of the apse from the 
centre. 


[i _^^ 

Ir \a ^2V2 - pV 

i = _ 

r ^2V2 — fx' J 


cos 


cosh 


(^London B.Sc.^ Honours^ 1907*) 


aV 


4 - 


^2V2 


Vp - ^“V2 


^ 4 - 


a2V2 


r \ a ^2V2 - y,'} aV 

according as aV is greater or less than p'.] 

38. If the law of force in a central orbit is P = pr, show that the polar 
equation to the orbit is 

I 


r2 


= A 4* B cos 2{B 4 - a) 


A, B, and a, being constants. 

39. Suppose a body of mass m, attracted towards a fixed point O with a 
force kmr^ is projected from a point P with a velocity V in any direction. 

Take a pair of oblique axes through O, the -r-axis along OP and the^-axis 
parallel to V. Then, when the acceleration is resolved along these axes, its 
components are — and •-ky. Thence show that 

X = a cos sjkt^ 
y = bsm /Jkt^ 

where b is obtained from the equation ^kb = V, and a is the length of OP. 

Find the equation to the orbit, and show that the hodograph is a similar 
curve. 

[ x^ y2 

The equation to the path is ^ 4 - ^ = i, and the equation to the 
ir2 yi 

hodograph ^ 4 - ^ x and y being the co-ordinates in the 
hodograph.] 

40. What is the law of force in the orbit r2 = cos 2^, the pole being 
the centre of attraction ? 


C 
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41. 


What is the law of force in the orbit r a sec 


2 


42. If a body describes the orbit 


'la^ 

= I + cos 3? 



under a force through the pole, find the acceleration in terms of the velocity 
V at an apse at distance c from the pole. 

[The acceleration is constant and away from the pole ; its magnitude 

2^3 

43. Find the law of force in the orbit 


a 

' = eis+T 

44. A body, under an attraction ^ per unit mass, is 


“ ar^ J 

projected from 


an apse at distance b from the centre of attraction with a velocity { 2 jxyb 
Find the other apsidal distance. 

-1).] 

45. Two equal particles are connected by an inextensible string of length 
{a + b)j which passes through a hole in a smooth table, so that one particle 
hangs freely and the other is on the table. At an instant when the system 
is at rest and a length a of the string is horizontal, the particle on the table 
is suddenly made to move perpendicularly to the string with a velocity V^c. 
Employ the principles of energy and angular momentum to show that the 
hanging particle will not rise to the hole unless 


b^c — a + V c( 2 a 4* c) ; 


and find with what velocity the particle arrives at the hole if this inequality 
is satisfied. {Lo 7 idon B.Sc,^ I907-) 

[If r is the length of string on the table at any instant, then 





-4 


2c{r 4- a) 


■} 


Put r = (a + b) in this to get the required velocity.] 

46. A smooth horizontal tube OA, of length a, is movable about a vertical 
axis OB through the extremity O. A particle placed at the extremity A is 
suddenly projected towards O with velocity acjy while at the same time the 
tube is made to revolve about OB with angular velocity Show that the 

particle will have travelled halfway down the tube after a time -log^2, and 
will not reach O in finite time. {London B,Sc,, 191a) 

[Prove that r = 



CHAPTER XVIII 

THE PROBLEM OF TWO OR MORE BODIES 

386 . In the last chapter we have been dealing with particles attracted 
towards fixed points. There is no real problem in the universe corre¬ 
sponding exactly to those we have been considering, because there are 
no fioced points of attraction. Moreover, the bodies with which we 
have any acquaintance are not particles. Yet, in astronomical problems, 
when dealing with the motions of the centres of mass of celestial bodies, 
we may generally regard them as particles whose masses are concen' 
trated at their respective centres. 

We shall now consider the problem of two particles mutually attract¬ 
ing each other with the gravitation law of force. We shall assume that 
the force exerted on each particle acts in the line joining the two 
particles, and that the forces are equal in magnitude as if they were 
action and reaction. 

387 . It will be interesting to make a digression here on the 
assumption that the gravitation forces between two bodies are of the 
nature of action and reaction. If we grant that the attraction between 
two bodies is transmitted by some intervening medium, and could not 
be exerted across empty space, it is important to notice that our 
assumption is a very unsafe one, which only a very close agreement 
between observation and the results calculated on this assumption can 
justify. For, if a medium is necessary, the immediate action of each 
body is on the medium, and the reaction—which is what we call the 
attraction—is the force exerted by the medium on the body. Now 
there is no obvious reason why the action of the medium on one body 
should be equal and opposite to its action on the other body. Indeed, 
unless the transmission of the gravitation energy through the medium is 
instantaneous—a very improbable hypothesis—it is almost certain that 
these two actions would not even be in the same straight line. And 
‘yet, in all calculations made on the assumption that the gravitation 
forces between two bodies are action and reaction, no error has ever 
been found. This seems strong evidence that a medium plays no 
part 

388. The centre of mass of two particles, acted on by no forces 
but their mutual attractions, has no acceleration. 

Let (xi, yi) (x2i ^2) be the co-ordinates of the two particles referred 
to any fixed axes in the plane of motion. Let Wji, be their masses, 
p their distance apart, and F the attraction between tliem* 
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The line joining the particles makes angles with the axes, whose 


cosines are 


and h . 

P P 

.(l) 

The equation of motion of parallel to OX is 


d^Xj Xo — Xi 

.(^) 

The corresponding equation for is 


^ p 

Adding (2) and (3) 

d^x. , d^X 2 

.( 3 ) 

.( 4 ) 


But if (jc, y) are the co-ordinates of the centre of mass of ///2, we 
have always 


Differentiating twice 

Equations (4) and (6) show that 




• • • • (5) 

.... ( 6 ) 


d^x 
dfi '' 


( 7 ) 


In the same way we can prove that 


d^y 


( 8 ) 


Thus the centre of mass has no acceleration, and consequently this 
l)oint has a constant velocity or is at rest. In either case we may regard 
the centre of mass as a fixed point in investigating the motion of each 
body, because accelerations relative to a point which has no acceleration 
are true accelerations, and the equations of motion involve only 
accelerations. The motion of the bodies relative to the centre of mass 
is therefore exactly the same, whether that point is at rest or moving 
with constant velocity. We shall therefore treat the centre of mass as 
a fixed point. 

It should be noticed that the results just proved do not depend on 
the magnitude of F. They are true for all values of F provided only 
the force on one particle is equal and opposite to the force on the other. 
Moreover, if instead of only two particles there had been any number 
of particles, each acting on the others and being acted on by them, we 
should have found, on adding all the equations for motion parallel to 
OX, that the forces would have disappeared from the right-hand side 
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exactly as for two particles, and consequently the acceleration of the 
centre of mass of the system would have been zero just the same. 

389 . If two masses M, w, are at a distance p apart, the gravitation 
attraction between them is 



Let G be the position of the centre of mass, and let R, be the 
distances of the particles from G. Then, from the property of centre 


of mass 

RM = rw.(2) 

Also R + r = p .(3) 

From (2) and (3) 


m M . 

R I 9 .(4) 

M 4 * M “f nv 

Regarding G as a fixed point, the attraction on tn is a force towards 
this fixed point, the magnitude of which force is 

Mw Mw M 2 

“ '^72'‘(M + . 

Thus the force acts towards the fixed point G, and varies inversely as 
the square of the distance from that point. Hence the orbit is a conic 
with G in one focus. 

The same is true for the other mass M. But this can also be seen 

from the known orbit of m. 
For M and ni are always 
on a line through G, and 

R m ... 

V ~ M' ^ constant ( 6 ) 

which shows that M de¬ 
scribes an orbit similar to 
the one described by m 
with the point G as centre 
of similitude for the two orbits. Fig. 172 shows how the two orbits 
are related. Since the dimensions of M’s orbit are to those of ;//’s in 
the ratio in \ M, it is clear that, for cases such as the earth and the 
sun, where 

earth ’s mass _ i 

sun’s mass ”” 325000 • • * • * • w/ 

we may safely regard the sun as a fixed point. It is on account of 
the smallness of the sun’s orbit in comparison with the earth’s that we 
say the earth goes round the sun, whereas, to be quite accurate, the sun 
and earth revolve round their common centre of mass—except in so far 
as they are disturbed by other bodies. 

390 . It is simpler to treat the motion of two bodies as a question of 
relative motion by regarding one of the bodies as fixed. Regarding M 







THE PROBLEM OF TWO OR MORE BODIES 387 


as fixed, we find that the particle m describes an orbit relative to M 
exactly similar to its orbit relative to G. For 

p M + m 

^ , a constant . , # 


and the direction of p in space is the same as that of r. Consequently 
the motion of m relative to M is an ellipse with M in one focus, and the 
size of this relative orbit is greater than the size of the orbit relative to 
G in the ratio (M + m): M. 

391 . The Relative Orbit. —Assuming G to be fixed, the equations 
of motion of m are 

dt^ “V 


(0 

(^) 


On putting for r its value 


these equations become 


^p dS 
~di^ ~ ^ dt 


M. + m M 

“m ■ 

M -f- 


= K- 


o2 


dkP lit) 


( 3 ) 

( 4 ) 


The equations (3) and (4) have exactly the same form as the 
equations of motion of a particle attracted towards a fixed particle of 
mass (M + m). Thus the orbit of tn relative to M is the same as if the 
attracting particle were fixed, and its mass were the sum of the masses. 

This is a very useful result, because observations are always made 
on relative orbits. It would not be an^i^asy matter, for example, to 
measure the distance of the moon from the centre of mass of earth and 
moon, but there is no extraordinary difficulty in measuring its distance 
from the centre of the earth. 

In the last chapter it was shown that when the attraction towards a 
k 

fixed centre is ^ on unit mass, the period in an elliptic orbit is (Art. 


357) 


2 TT(^ 


( 5 ) 


In this article k(M -f w) corresponds to of these earliei articles. 
Hence, if la is the major axis of the relative orbit, the period is 


27rai 

. ^ V k(M + >»)’****'* 

K being, in this case, the constant of gravitation. 


( 6 ) 
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892. Kepler’s Laws. —Before any theory of gravitation was known, 
and while yet astronomy was mingled with the absurd pretensions of 
astrology, John Kepler (born 1571, died 1630) deduced, from a very 
extensive series of observations on the motions of the planets, but 
chiefly of the planet Mars, the three fundamental laws of planetary 
motion. These deductions are all the more wonderful because Kepler 
himself was not entirely free from the charlatanry of the astrologer. 
And besides, he had some preconceived fantastic notions of his own 
concerning the motions and distances of the planets, and these must 
have hampered him considerably in trying to And the laws of planetary 
motion. Yet, in spite of all these drawbacks, he managed to raise 
astronomy to the rank of a science, and to prepare the way for Newton’s 
discovery of the law of gravitation. 

Kepler’s three laws are— 

(1) Evejy playlet moves in an ellipse with the sun in one focus, 

(2) The line joining a planet to the sun sweeps out equal areas in 
equal interimals of time, 

(3) Jf square of the period of each planet be divided by the cube of 
the major semi-axis of its orbity the result is the same for cilery planet. 

The first law enables us to prove that the attraction on any planet 
varies inversely as the square of the distance of the planet from the sun. 

The second law is a simple statement of the fact represented in 
mathematical symbols by the equation 


^ a constant 

dt 


(I) 


But we know trom mechanical principles that 


dh dtf 


the moment of the forces about the origin. 


Hence Kepler’s second law tells us that the forces which keep the 
planets in their orbits have no moments about the sun’s centre, and 
therefore that they pass through that point. If observations were 
accurate enough to make this law indubitable, then the question whether 
the gravitation force is transmitted instantaneously would be settled. 

The third law leads to a proof that the attraction of the sun on unit 
mass of any planet would be the same at the same distance if we 
assume what is proved by the first law, namely, that the force varies 
inversely as the square of the distance. It is a statement of the relation 


V k(M + 


provided we neglect the mass of the planet in comparison with that of 
the sun. If M is the sun’s mass we get, on squaring both sides of (2) 
and neglecting w, 


acM 


(3) 
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The result has been obtained by assuming the inverse square law of 
attraction towards the sun, and this necessarily follows from Kepler's 
first and second laws. The third law now tells us that the coefficient 
of in (3) is the same for all the planets. Thus k is the same constant 
for all the planets. 

393. Comparison of Masses of Bodies with Satellites. —The 
conclusions drawn from the hypothesis of universal gravitation have 
never been found to disagree with the results of observation. Thus 
the attraction between the earth and the moon is subject to the same 
laws as that between the sun and the planets. Moreover, Kepler's laws 
are true for the several satellites of a planet such as Jupiter or Saturn, 
provided the words “ sun ” and “ planets " in Kepler's laws are replaced 
by “ planet" and “ satellites " respectively. 

The gravitation theory, combined with observations on periods of 
revolution and astronomical distances, gives us a means of comparing 
the mass of a planet which has a satellite with the mass of the sun. 

Let M and m denote the masses of the sun and any planet, r the 
period of revolution of the planet, and a the major semi-axis of the 
relative orbit. Let M' and ni denote the masses of a planet and its 
satellite, r the period of revolution of the satellite, and d its mean 
distance from the planet. (By “mean distance" in astronomy the 
major semi-axis of the relative orbit is meant.) 



In every case m is negligible compared with M, because the mass of 
the largest planet Jupiter is only about yoVo sun’s mass. But 

there is sometimes good reason for retaining m\ since, in the case of the 
moon, for instance, its mass is ^ of the earth's mass (M'). 

Now, although it is a difficult matter to reduce astronomical dis¬ 
tances to terrestrial units, yet it is comparatively easy to find the ratios 

. d 

of astronomical distances by observation. Consequently the ratio ~ 

is known with considerable accuracy in most cases. The distance of 
the moon from the earth is an important exception. It is easier to 
express this distance in terrestrial units than in astronomical units. 

The quantity ^ can be determined to almost any required degree of 

accuracy. Hence equation (3) gives a very reliable value of the ratio 

of the masses. ^ ^ 

There i^ no reason why the planet tn should not be the same as M , 

but any other planet will serve as well. 
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Example .—The period of Jupi'cr s revolution about the sun is ii*86 
years^ and the period of revolution of his foicrth satellite is 1675 days. 
Also the distance betiveen the planet a?id this satellite subtends an anyle 
8' 25" at the stiils centre. To find the ratio of Jupiter's mass to the sun s 
mass. 

Here - = sin 8'2 5" = 0*002446 

a 

= 258-6 

t' 16-75 

Hence (0-002446)3 x 

M 4 - M 

= . ^--nearly 

I02T 

This differs from the accepted value by about 3 per cent. A 

decrease of i per cent, in ~ would give very nearly the accei)ted value. 

394 . The Hodograph of a Planet’s Motion is a Circle.—Neglect¬ 
ing the action of all bodies except the sun, the path of a planet is an 

ellipse with the centre of mass of 
sun and planet in one focus. 

Let G be centre of mass of 
sun and planet, O the other focus 
of the ellipse. Let v be the 
velocity of the planet at any 
instant, /, p\ the perpendiculars 
from G, O, on tl^e line of motion, 
and P, P', the feet of these perpen¬ 
diculars. 

Now by a well-known property 
of the ellipse, P and F lie on the 
auxiliary circle. But because the 
force always passes through G 

^'^* *73. . (,) 

Now it is easy to show that if PG is produced to meet the circle 
again in Q 

GQ = OF.(2) 

Therefore // = GP. GQ = AG • G A'.(3) 

which is constant for all positions of the particle. 

Equations (i) and (3) show that v is proportional to p\ Therefore, 
by a suitable choice of scale we can make f represent v in magnitude. 
Thus the vector OF would’ represent the velocity in magnitude and 
direction if it were turned through a right angle. The locus of P' 
is therefore the hodograph of the motion turned through 9 right angle 
about O. But the locus of F is the auxiliary circle. Hence the 
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hodograph is obtained by turning the auxiliary circle through a right 

angle about O in that direction which brings OP' parallel to the velocity 

We may take the auxiliary circle itself as the hodograph, but in this 
case the pole will be on the diameter perpendicular to AA', and at a 
distance OA' { — a ^ ea) from one end. 

There is a very interesting application of the above result to the theory 
of the aberration of light. According to this theory a fixed star at the 
pole of the ecliptic has, in consequence of the earth’s motion, an apparent 
displacement which is proportional to the earth’s velocity and in the same 
direction as that velocity. Such a star apjxirently moves, therefore, 
along a curve similar to the hodograph of the earth’s motion. Thus the 
apparent i)ath is a circle, and the true position of the star is not at the 
centre, but on the diameter parallel to the minor axis of the earth’s orbit 

395 . —A projectile thrown up from the earth’s surface is subject to 
the same law of attraction as the moon. A projectile is therefore 
a small satellite to the earth while it is in motion. If the effect of the 
resistance of the air is neglected, the path of a projectile is a portion of 
a narrow ellipse with one focus at the earth’s centre and the other 
somewhere near the point of projection. By assuming that the force 
acting on a particle in different positions acts in a fixed direction, 
instead of through the earth’s centre, we are led to the conclusion that 
the path is a parabola. Now the portion of this parabola near the focus 
differs exceedingly little from the corresponding portion of the ellipse 
which is the true path. One end of a narrow ellipse (that is, an ellipse 
in which the minor axis is much smaller than the major axis) is very 
similar to a parabola whose focus coincides with that of the ellipse at the 
end considered. The eccentricity of such an ellipse is nearly unity, 
and the eccentricity of a i)arabola is exactly unity. 

A comet’s path about the sun is, in nearly every respect, similar to 
that of a projectile relative to the earth. The paths of all known 
periodic comets are narrow ellipses with the sun in one focus. These 
bodies are only visible to us when they are near the sun, that is, when 
they are at one end of their orbits. Consequently the visible portion 
of these orbits are hardly distinguishable from parabolas. One point 
in which a projectile’s path differs from a comet’s is, of course, in size. 
Another point of difference is that the projectile does not complete its 
orbit in consequence of the earth’s bulk being in its path. The visible 
portion of a comet's orbit is that near the attracting focus, while the 
visible portion of a projectile’s orbit is that near the “ empty ” focus. 

396. Slow Variation of Circular Motion of a Satellite due to 
a Resistance. —We shall deal only with the case of a satellite describing 
a nearly circular orbit Our object is to find how this orbit will vary if 
the body moves through a fluid which exerts a small resistance to motion. 
If a fluid ether fills all space it is natural to expect that this fluid will 
behave like the other fluids of which we have any knowledge and offer 
some resistance to the motion of bodies through it. 

A small resistance will produce a slow variation of the radius and a 
corresponding variation of the angular velocity. The effect produced 
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in one revolution will be assumed to be small, so that many revolutions 
are performed before the variations are measurable. The rate of varia¬ 
tion in the radius is supposed to be so small that the orbit may at any 
instant be regarded as a circle. 

Let F denote the resistance to motion per unit mass of the satellite. 
We shall suppose F to be constant during the interval we are consider¬ 
ing, because only very small variations of distance and velocity are 
supposed to take place in that interval. Also since the path is 
nearly circular at every instant we shall assume that the resistance, being 
opposite to the velocity, is perpendicular to the radius. 

If a and n are the radius of the orbit and the angular velocity at the 
beginning of the interval, r and a> the values of these quantities after a 
lapse of time /, then the equation of motion along the radius gives 


kU 

^2 = roj^ . . . . 

and -“2 = . . . . 

Hence . . . . 

Also for motion perpendicular to the radius 

= —^F = — ^rF nearly 

Therefore = — aFZ-h^^^ • . . 

Now from (3) . 

From (5) and (6) by division 

-1 F/ , 

o> ^ --7 -f-« ^ • . 

ati^ 


(1) 

(2) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 


Similarly by taking square roots of both sides of (3) and then dividing 
(5) by the results 




F/ 


4 -a® 


. ( 8 ) 


If we now put {a + x) for r, and {n + y) for w in (8) and (7), and 
then retain only the first powers of x and these equations give 

z?"'® - .(9) 


«1 F/ X 

+ ^a ==- 1 + ^^ 

ncP 


J' = 


3F/ 


(10) 

(”) 


X = 


2F/ 

n 


. (12) 


Hence 
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These show that the angular velocity increases, and the radius 
decreases in consequence of the resistance. The satellite describes a 
sort of spiral in which the radius decreases by approximately the same 
amount in each revolution. Thus the effect of a resistance is to cause 
the satellite to fall gradually towards the primary. 

The linear velocity of the satellite is approximately 


= an nearly . . 


^13) 


Thus the linear velocity of the satellite increases in consequence of 
the resistance. This is a very remarkable result. The resistance is 
certainly destroying momentum, but since the satellite falls inwards the 
component of the attraction along the tangent to the path creates morq 
momentum than the resistance destroys. That, at least, is what our 
results tell us. 

It follows from the above results that the ultimate effect of anything 
of the nature of fluid resistance to the motion of bodies through space 
would be to destroy all orbital motion. All satellites would fall into 
their primaries, and then heat would be generated by the friction which 
would destroy the relative motion. 

397. Variation of Circular Orbit of a Satellite due to Alteration 
of Mass of Primary. —If M is the mass of the primary, the equation 
of motion along the radius is 



That is r3a>2 = icM.(2) 

Also, since the force acts through a fixed point, 

= h .(3) 

or (4) 

a ^ 

From (2) and (4) (5) 


Taking logarithms of both sides of (5), and then differentiating, 
we get 

I dixi _ \ 

. 


This gives the relation between the rate of increase of co and that of 
M. Wp can get the rate of alteration of r from (3). Thus on taking 
logarithms of (3), and then differentiating 


2 dr \ doi 
r dt w dt 


o 


(7) 


I dr ^ \ doi 

r dt ^ 2CO dt 


Whence 


1 

U dt 


( 8 ) 
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Observations seem to indicate that the moon is being accelerated 
in its orbit, and the acceleration that has not been accounted for is 
about 12" per century per century. That is 

n / ^ 

= 12 per century per century . . (9) 


This acceleration could be produced by an increase of the earth’s 
mass. If the increase required is small, it might possibly be due to 
the deposit of meteor showers. We will calculate the required rate of 
increase of the mass. 

The unit of time being a century, the angular velocity of the moon 
in its orbit is 


360 X ^600 X TOO X 365 , 

- ‘r' seconds per century 

= 173 X io 9 . 


Therefore 


I (DA 1 day 
M dt ”"20) dt 


(9) 


T 2 

2 X 173 X 10’ 


9 = 3'5 X 10-9 


(10) 


Taking the average density of the earth to be 350 lbs. per cubic 
foot, this gives 

^ = 3-5 X 10-9 X |77R3 X 350 . . . . (ll) 

where R is the radius of the earth. 

The deposit on each square foot of the earth^s surface per century 
would have to be 


I dy^ « 

^ = 3-5 X 10-9 X iR X 350 lbs. 

= 3*5 X 10" ® X 4000 X 1760 X 350 lbs. 
= 8'6 lbs.(12) 


Thus a deposit of 8*6 lbs. per century, or 1*4 ounces per annum on 
each square foot of the earth’s surface would account for the accelera¬ 
tion. This is not a very large amount, and it is not inconceivable that 
the earth picks up this amount of meteor dust in space. 

398. The Problem of Three or more Bodies. —The general problem 
of three or more bodies has never yet been solved. It is an easy 
matter to write down equations of motion, and even deduce therefrom 
a few relations among the co-ordinates and velocities of the bodies, but 
mathematical analysis is at present unable to furnish the complete 
solution. It can be proved, as in Art. 388 that, whatever be the forces 
between the particles of a system of bodies, provided only that the 
mutual action between each pair is in the line joining them, the centre of 
mass of the system has no acceleration if no bodies outside the system 
exert forces on them. It can also be proved that the moment of 
momentum about any hXed line in space remains constant. It follows 
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from these principles that, if the influence of the fixed stars be 
neglected, the centre of mass of the solar system has a constant velocity 
in space, and that the moment of momentum of the system about any 
line through this centre of mass remains constant. 

But although the general problem cannot be solved, yet under 
special circumstances an approximate solution can be found. These 
special circumstances exist everywhere in the solar system. There is 
no absolutely intractable problem in the motion of any body in the 
system, although it must be admitted that it is very laborious work to 
find, with any precision, the motion of a satellite such as the moon. 

399. The Moon’s Motion, —The force exerted by the sun on a body 
at the earth’s surface is extremely small in comparison with the force 
exerted by the earth. But at the moon’s distance the earth’s attraction 
is very much smaller than at the earth’s surface. In fact, the sun’s force 
on the moon is even greater than the earth’s force. For, taking the 
moon’s distance from the earth as 240,000 miles, and the earth’s 
distance from the sun as 93,000,000 miles, and denoting the attraction 
of the sun on unit mass of the earth by Fi. and the attraction of the 
earth on unit mass of the moon by F2, we find 

Fi ^ earth’s acceleration towards sun 
F2 moon’s acceleration towards earth 
^ 93 00 X 

24 X . 


where O and cj are the earth’s and moon’s angular velocities in thei? 
orbits. 


But 

Therefore 


L2 27 *t 

. 

Fi 9300 X (0 075)2 

-^- =2 17 .... (3) 


Now the moon’s distance from the sun is very little different from 
the earth’s distance from the sun. Consequently equation (3) tells us 
that the sun’s force on the moon is about twice the earth’s force on the 
moon. 

The earth describes a nearly circular orbit about the sun, and the 
moon describes a nearly circular orbit about the moving earth, the 
radius of the earth’s orbit being about 389 times the radius of 
the moon’s. Both bodies revolve in the same direction round their 
primaries. When the moon is at the point of its path nearest to 
the sun, the resultant force on it is the difference of the sun’s and 
earth’s attractions, which is about 1*17 times the earth’s attraction, and 
sects towards the sun. Since this force is perpendicular to the direction 
of the moon’s motion at that point, it is clear that the true path of the 
moon is concave towards the sun. The moon’s path relative to the sun 
is a curve, winding in and out of the earth’s orbit a little over twelve 
times a year. But the deviation of the moon’s path from the earth’s is 
so small that, when they are represented on the same scale and looked 
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at from a point where the whole is visible, they can hardly be dis¬ 
tinguished. There are no loops on the moon’s path; that is, the moon 
is always travelling in the same direction round the sun as the earth 
travels. The velocity of the moon relative to the earth is about 0*64 
mile per second, and the velocity of the earth relative to the sun is 18*5 
miles per second. Thus, even when the moon is at its nearest point to 
the sun, it is moving in the same direction as the earth with a velocity 
18*5 — o’6, that is, nearly 18 miles per second. The maximum velocity 
of the moon relative to the sun is 18*5 -f o*6, just over 19 miles per 
second. 

It is clear from the preceding that the moon is just as much a 
satellite to the sun as to the earth. The sun’s controlling force is 
greater than the earth’s. If the earth’s force suddenly ceased the moon 
would go on describing an orbit round the sun pretty much the same as 
the earth’s present orbit; and if the sun’s force ceased to act, earth and 
moon would go off , together into space, their relative orbit being 
very little altered. 

400 . A small body coming toivards the sun 7 vith parabolic velocity 
passes inside the orbit of a pla 7 tet just in frofit of the planet itself^ and is 
deflected by the planet through a right a?igle, so that when the body has left 
the planet's influence, it is travelling in nearly the same line as the planet 
and in the opposite direction. To find the subsequent orbit about the sun. 

The small body has described a nearly hyperbolic orbit about the 
planet, and it leaves the planet’s influence with the same relative 
velocity as it had on reaching it. If V is the velocity of the planet, the 
velocity of a body at the same distance from the sun which would 
describe a parabolic orbit is Since the sphere of influence of 

the planet is a small region compared with the distance to the sun, we 
may take V 2V to be the velocity of the body when it arrived within 
this sphere. But since it was supposed to be travelling perpendicular 
to the direction of motion of the planet, the relative velocity of the body 
is the vector sum of and V at right angles to each other, that 

is V3V. 

When the body passes out of the influence of the planet it leaves 
with a relative velocity ^ 3V. Since it is travelling in the opposite 
direction to the planet, its velocity relative to the sun is therefore 
(V3 — i)V. We have now to find what kind of orbit this body 
describes about the sun. 

k 

If r is the radius of the planet's orbit, and ^ the sun’s attraction on 
unit mass, we have, from the assumed circular motion of the planet, 

.(I) 

If 2a denotes the major axis of the new orbit of the small body 
about the sun 

.(2) 

by Art. 3S7. 
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Equations (1) and (2) give 

i. _ i _ 

2a r 2r 


Therefore 


^ S *)• • • • • *' 

a = -y—f^ -> = = o'GZr. 

2{V3-0 4 


Since the square of the period of revolution is proportional to the 
cube of the major axis, we find from equation (4) that 


Perio^ofst^o^y ^ 5 ^ ^ 

Period of planet 


• (5) 


If the disturbing planet is Jupiter, whose period is ii'86 years, the 
period of the small body would be 6*65 years. It is very probable that 
Jupiter, with its large mass, has disturbed the orbits of many comets in 
some such way, and this would explain why so many comets have 
periods of about 5 or 6 years. If a comet passed into Jupiter’s orbit 
just behind the planet instead of in front of it, and if its direction of 
motion were turned through a right angle as before, it would escape 
from Jupiter with a velocity (^3 + relative to the sun, and this 
velocity, being greater than would carry the comet out of the 

solar system. 


EXAMPLES ON CHAPTER XVIII 

1. Assume that the moon’s orbit relative to the earth is a circle with 
radius 240,000 miles, and the earth’s orbit about the sun a circle with radius 
02 million miles ; and assume that the moon makes 13 revolutions in a year 
in the same direction as the earth’s revolutions about the sun. If the earth’s 
attraction on the moon were to cease when the moon is at its greatest 
distance from the sun, find the ratio of the major axis of the moon’s 
subsequent orbit about the sun to the diameter of the earth’s orbit, and find 
the approximate period in days. 

[Ratio = 1*073 ; period = 406 days.] 

2. If the masses of the two components of a binary star are equal, and if 

their period is 20 years and their distance apart times the distance of the 
earth from the sun, find the ratio of the mass of each component to the mass 
of the sun and earth. _ 

3. The star Sirius is one component of a double star, the other com¬ 
ponent being very faint. Their distance apart is about 28 times the earths 
distance from the sun, and they describe their orbtts about their common 
centre of mass in 49*4 years. Find the ratio of the sum of their masses to 

the sum of the masses of the sun and earth. . 1 . n 

[Ratio = 9*0 about.] 
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4. If three equal masses, each equal to the mass of the sun, revolve in 
the same orbit, each pair being separated by a distance equal to the radius 
of the earth’s orbit, find their common period of revolution. 

[iof.JC,] 

5. If four masses, each equal to the mass of the sun, describe the same 
orbit of radius r, the distance between successive masses being v^2r, where r 
denotes the radius of the earth’s orbit, find the common period of revolution. 

6 . Compare the period of revolution of a pair of equal masses about the t 
common centre of mass, under no forces but their mutual attraction, wiin 
the period they would have if another equal mass were fixed at their cent<5 
of mass. 

[The period in the first case is VS time^he period in the second.] 

7. If r, <2, are the radii of the moon’s and earth’s orbits, show that the 
maximum relative acceleration of the two bodies due to the sun’s attraction 

'If 

on them is approximately — of the earth’s acceleration towards the sun. 

Assuming thirteen months to a year, find the ratio of this relative 
acceleration to the acceleration of the moon produced by the earth. 

[Tfff-] 

8. Let V denote the velocity of the earth in its orbit, assumed circular, 
and V the least velocity relative to the earth required to carry a body from 
its surface to infinity. Find the velocities, relative to the earth, with which 
a body must be projected from the earth’s surface 

(1) in the direction of the earth’s motion, 

(2) in the direction opposite to the earth’s motion, 

(3) perpendicular to the earth’s motion, 

so that the body may escape from both the earth and the sun. 

[Assume that the relative motion produced by the sun is negligible while 
the body is so near the earth that the effect of the earth is appreciable ; 
that is, assume that the earth’s attraction decreases the kinetic energy of the 
body relative to the earth, before its distance from the sun has appreciably 
altered, by as much as if the body went to infinity.] 

[(l) -f (3 - 2V2)V2 ; (2) + (3 + 2^2)V^ ; 

9. If a body were project ed from t he North Pole from a gun pointed at 

the sun, with the velocity -f V^, v and V having the meanings indi¬ 

cated in the last question, prove that the orbit relative to the sun would be a 
parabola with the point of projection as one end of the latus rectum, and 
that its perihelion distance would be half the radius of the earth’s 
orbit. 

10. A small body, attracted into the solar system, is approaching the sun 
with parabolic velocity along a straight line. Its path tiikes it near Jupiter, 
and when it gets near enough for the planet’s attraction to be appreciable 
the line of its velocity relative to Jupiter passes at a distance p in front of 
the planet, this distance being such that the direction of motion relative to 
Jupiter is turned through a right angle. Find the ratio of p to Jupiter’s 
distance from the sun. Find also the velocity relative to the sun with which 
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the body escapes from the planet, and calculate the major axis of the new 
orbit relative to the sun. ^ 

[If r = Jupiter’s distance from the sun, J his mass, V his velocity, S 
the mass of the sun, then 

i ; 2/2 ^ 2(2 - ^2)V2 ; la ~ {aJ'I l)r \ 

where v is the velocity of escape, 2^1 the major axis of the new 
orbit.] 

11. If the body mentioned in the last question had its velocity relative 
to the sun turned through a right angle, through what angle would it be 
turned relative to J upiter ? Calculate also the velocity of escape from Jupiter, 
the major axis of the new orbit about the sun, and the period, assuming 
Jupiter’s period to be ii'86 years, 

|^Angle = tan“^ (^2) ; = 2<f = —period = 67 years.j 

12. A small body, attracted into the solar system from rest at a very 
great distance, passes very near Jupiter and in front of it. At its neareif 
point its distance from the surface of the planet is equal to three times thi 
radius of the planet. If the diameter of Jupiter subtends 37’4" at the sun’i 
distance, and if his mass is of the sun’s mass, find the angle through 
which the direction of motion relative to Jupiter is turned. Also find the 
angle through which the direction of motion relative to the sun is turned. 

[55° 3 ^' relative to Jupiter, and 92° 8' relative to the sun.] 

13. If the body referred to in the last question passed at a distance from 
Jupiter equal to the radius of the planet, what would then be the angle 
through which the direction of motion relative to the sun would be turned ? 
Also calculate the period in the new orbit. 

[Angle = 140® 56' ; period = 9*53 years.] 

14. A small body which, but for the earth’s attraction, would fall into the 
sun with parabolic velocity, passes in front of the earth and at a distance 
from the earth’s surface equal to the radius of the earth. Find the angle 
through which the direction of motion relative to the earth is turned, 
assuming that the radius of the earth and the radius of its orbit are 3960 and 
92,000,000 miles respectively, and that the sun’s mass is 321,000 times the 
earth’s mass. 

[About I® 22'.] 

15. Use the data in question i to find what velocity the moon would have 
relative to the earth if the moon were brought to rest relative to the sun when 
at its maximum distance from the sun. Use this to find the new orbit the 
moon would begin to describe relative to the earth. 

[About 578 million miles per year ; the new orbit would be an hyper¬ 
bola with eccentricity 868 and major axis of the radius of the 
moon’s orbit. This hyperbola is very nearly a straight line, and 
it follows that the moon would fall towards the sun scarcely dis¬ 
turbed by the earth’s attraction.] 

16. Suppose two masses, each equal to the mass of the sun, are at a very 
great distance apart and travelling in opposite directions with the same 
speed, 2/, along a pair of parallel lines which lie at distance/ apart. If V is 
the velocity of a small body describing a circular orbit of radius p about the 
sun, show that the bodies pass within the distance 

A A/ W-h 4 ^'^ - V2 \ 

2\ 2/2 / 

Z D 
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of each other, and that, when they are again at a very great distance apart 
they are travelling along another^pair of parallel lines at distance p apart, 

27/2 

but inclined at 2 cof"^ to the original pair. 

17. Suppose one of the bodies in the last question w'ere originally at rest 
and the other travelling with velocity 2v along the line which passes at 
distance p from the first body. Show that, when the bodies are at a great 
distance apart after they have passed each other, the body which was at rest 
moves with velocity 

27/V2 

+ V4) 

parallel to the line joining the foci of the hyperbola it describes relative to 
the common centre of mass. Prove also that the other body moves along 
a perpendicular line. 



PART III 


DYNAMICS OF A RIGID BODY 

CHAPTER XIX 

EQUATIONS OF MOTION 

401. Conception of a Rigid Body. —Just as when finding centres of 
gravity and moments of inertia, we shall assume that a finite body 
can be divided up into infinitely small particles touching each other. 
That is, we take no account of molecular or atomic structure, for we 
assume that every closed surface, however small, taken inside the 
mass of a finite body, will enclose some of the mass. In fact, there are 
supposed to be no empty spaces such as must exist on the molecular 
hypothesis. 

Moreover, in this chapter we are dealing with rigid bodies, and a 
rigid body is one in which the distance between every pair of particles 
remains constant. This keeps the size and shape of the body fixed. 
No body is absolutely rigid, but in dealing with the motion of a body 
as a whole, the slight alterations in shape of an apparently rigid body 
are so small that they produce no measurable effect. Consequently 
most bodies except strings and fluids may be treated as rigid bodies 
when we wish to find the motion due to given forces. 

Except in one or two examples at the end, we shall deal only with 
the motion of a rigid body parallel to one plane, the xv-plane. The 
whole body does not necessarily lie in this plane, but every particle 
moves parallel to it, so that the x and y of any particle vary, but not 
the z* 

402. Motion of the Centre of Mass of a System of Particles 
whether connected or not. —Let denote the mass of one of the 
particles, x^s its co-ordinates at any instant, X^, Y^, the forces 
parallel to the axes. Then the equations of motion are 


= X, . . . 

• • * • 

_ Y 

^ 1 • • • 

.... (t) 


Now two similar equations can be written down for every particle 
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of the system. Denoting b/ the symbol E a summation extending to 
every particle of the system, we get on adding all such equations as (i) 


= -^x = X, say.(3) 

d^y 

Similarly, ~ ~ ^.^4^ 

But, by Art. 86, if i;, are the co-ordinates of the centre of mass, 

Emx = xSm = .(5) 

where M denotes the total mass. 


Differentiating both sides of (5) with respect to / twice in succession 


„ d^x d^x 

(i/^ dt^ . . . . 

. • (6) 

Hence equations (3) and (4) may be written 


. 

• • • 1 , 7 ) 

. 

... (8) 


In these equations X and Y denote the sum of all the component 
forces on all the particles parallel to the axes of x and y respectively. 
These will generally include the reactions between the particles, and if 
the particles form a rigid body it would be difficult to find a case in which 
there would not be reactions between the particles. But these reactions 
do not appear in X and Y. For suppose exerts a force R on ; 
then m2 exerts an equal but opposite force, which we may call — R, on 
wj. Now the components of R occur in the equations of motion of 
m2i and the components of — R occur in the equations of motion of nii. 
When these equations are added together the components of R and — R 
annul each other. In the same way every other reaction between any 
pair of particles disappears from the sum. Thus X and Y are merely 
the components of the external forces on the system of particles, that 
is, the components of the forces exerted by outside bodies on the 
system. 

Equations (7) and (8) are just the same as the equations of motion 
of a particle of mass M situated at the centre of mass of the system. 
To find the motion of the centre of mass of any system of particles, 
whether they form a rigid body or not, we may therefore suppose that 
the whole mass is concentrated into a particle at the centre of mass, 
and that all the forces are applied there. For example, the centre of 
mass of a rigid body thrown up near the earth’s surface describes a 
parabola, and this motion is not affected by any rotation that the body 
may have. Moreover, if several bodies are thrown into the air at 
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different times and in different duections, while they are all in the air 
their common centre of mass describes a parabola. 

403. Motion relative to the Centre of Mass. — Multiplying 
equations (i) and (2) of the last article by and respectively, 
and then adding, 

= ■*1^1 -^iXi = Ni . (i) 

where denotes the moment, about the origin, of all the forces 
acting on the particle 

Now let = + . v 

. 

Then Xi\ ji\ are the co-ordinates of referred to axes parallel to 
the fixed axes, but always passing through the centre of mass. 

Multiplying both sides of the first ol equations (2) by and then 
summing for all the particles, we get 


2mx = Smx + Umx^ 


= Mj; + Hmx . • • 

. . . • (3) 

But we know that 


Hmx = Mvi' • . 

• • • • (4) 

wherever the origin may be. Hence 


Unix = 0 . . . . 

• • . . (5) 


1 Differentiating this equation twice with respect to /, we get 




( 6 ) 


Now, 


• • • (7) 


, dy 


The origin for x and 7 is at any fixed point we like to choose. We 
shall therefore choose this origin at the instantaneous position of the 
centre of mass, so that, at the instant we are considering, 


^ = o, J = o.(8) 

■" __ (fix dfi'y 

But although x and y are zero, it does not follow that ^2 

are also zero. These quantities are the components of the acceleration 
of the centre of mass, and are the same whatever fixed point be taken 


* If the student has any difficulty in following the proce.ss of differentiating a sum 
indicated by 27, he is recommended to write down a few terms of the sum and then 
perform the operation. Thus ( 5 ) means 

-f m^xl + . . . =0 


Since this is true for all values of /, we get on differentiating twice 




, cPx, 


dfi 


+ . . . =0 


which is the same as equation ( 6 ). 
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as origin. Equations (8) are only true at a particular instant, whereas 
equation (5), .which we differentiated to get (6), is true at all times. 
Putting X o in (7), this gives 

= 0 + i7wg'.(9) 

The zero term in (9) is due to the relation given in (5). 

Now summing all such equations as (i) when the fixed origin is 
taken at the instantaneous position of the centre of mass, we find, on 
using (9), 



where N is used to denote the sum of the moments of the forces on all 
the particles about the centre of mass of the system. 

If ^ii are the polar co-ordinates of referred to the moving 
centre of mass as pole, it may be shown, as in Art. 348, that 




.... (11) 



Thus (10) and (ii) give 

1 = N . . 

.... (12) 


1 = N . 

• . . • (13) 


A similar result 
(equation (3), Art. 


for a single particle has already been proved 
348). But equation (13) could not be derived 
merely by summing for all 
particles such equations as 
(3), Art. 348, for in this 
equation the origin was a 
fixed point, whereas in 
(13) the origin is a moving 
point, namely, the centre 
of mass of the system. 

Although the reactions 
between the particles will 
appear in the equations of 
the separate particles, yet 
these reactions will dis¬ 
appear from the sum, as 
can be seen by the reason¬ 
ing of the last article. N is 



Fig. 174. 
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the sum of the moments, about the centre of mass, of the forces acting 
on all the particles, and since the reactions disappear from the sum, N 
is therefore the moment of the external forces merely. 

The result expressed by (13) may be stated thus— 

The rate of increase of the moment of momentum of any system of bodies 
about an axis through their centre of mass, regarded as a fixed point, is 
equal to the moment about that axis of all the forces acting on the system, 
404. The Moment of Momentum, about an Axis through the 
Centre of Mass, of a Rigid Body moving parallel to One Plane.— 
When a rigid body moves parallel to one plane, the motion can be 
analysed into a motion of the centre of mass and a rotation of the 
whole body about an axis through the centre of mass and perpendicular 
to the plane of motion. Any particle m may be considered rigidly 
attached to this axis by a line perpendicular to the axis, the length of 
which line is r. Now on account of rigidity all these lines rotate about 
the axis with the same angular velocity. Also the distance r of any 
particle from the axis is a constant quantity which does not vary with 
the time. Thus the moment of momentum of the motion relative to 
the centre of mass, when the angular velocity is co, is 

Emr'^o} = = Icu.(i) 


where I is the moment of inertia of the body about the axis through the 
centre of mass. 

For a single rigid body the equation (13) of the last article now 
becomes 


do) 


(*) 


The student should satisfy himself that it makes no difference 
whether we put the differentiation symbol before or after the summation 
symbol. Thus 




(3) 


This, of course, is merely a statement of the fact that the differential 
coefficient of a sum is the sum of the differential coefficients of the 
separate terms. 

405. Moment of Momentum of a Rigid Body about any Line in 
Space perpendicular to the Plane of Motion. —Let x, y^ be the co¬ 
ordinates of any particle m referred to axes through a point on the 
line fixed in space, and oi, y\ its co-ordinates referred to parallel axes 


always passing through centre of mass. Then 

X = x + xf .(i) 

y=y+y .(2) 

Also = o, Smy' = o .(3) 

And by differentiating these with respect to /, 

= = o.(4) 
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But 


Now the moment of momentum about the fixed origin is 




dy 

dt 


V ,dy . ^ dy* 

2 ^mx ^ ~\-Lmx + Emx 


( 5 ) 


The last two terms in this equal ion vanish. For, since is the 

dt 

same quantity in every term of the sum represented by the first of 
these terms, it follows that 

= o by (3).(6) 


Similarly, the second term in the last line of (5) is zero by (4). 
Consequently the whole moment of momentum about the fixed 
origin is 




The second sum on the right-hand side of (7) is the moment of 
momentum about the centre of gravity, the quantity we have previously 
denoted by loj. And the first sum on the right-hand side is 



.dx\ 


( 8 ) 


where M is the total mass. 

Now the expression (8) is exactly the moment of momentum abom 
the fixed origin of a particle of mass M moving with the centre of mass. 
Thus the whole moment of momentum about any fixed line per¬ 
pendicular to the plane of motion is equal to the moment of momentum 
about a parallel line through the centre of mass together with the 
moment of momentum of a particle of mass M which is supposed to 
move with the centre of mass.^ 

406. The Fundamental Equations of Motion of a Rigid Body.— 
It has been pointed out that the motion of a rigid body parallel to a 
fixed plane can lie analysed into a motion of the centre of mass together 
with a rotation about an axis through the centre of mass and perpen¬ 
dicular to the plane of motion. Three co-ordinates or geometrical 
quantities will therefore fix the position of the body. The most con¬ 
venient quantities to use will generally be the cartesian co-ordinates of 
the centre of mass, and the angle through which the body has turned 
from some given position. 


' See Art. 471, where the momentum is represented as a vector through G 
together with a momentum couple Iw. 





EQUA TIONS OF MOTION 


407 


If we now denote the co-ordinates of the centre of mass by Xy y, 
and the angle through which the body has turned by 0, the three 
necessary equations of motion are 


d^x 

S/ 2 - A- ... . 

• • • • (^) 

[^y - Y 

' * • • 

.... (2) 

dfi IN • • • • 

.... (3) 


These three equations, together with the initial conditions, are sufficient 
to determine the motion completely. 

If N is zero the angular velocity is zero or constant. But if N is 
zero the resultant force on the body passes through the centre of mass. 
It follows, then, that if the resultant force on a rigid body always passes 
through the centre of mass, the angular velocity is constant, and to find 
the motion of the centre of mass w^e may 
treat the body as a particle concentrated 
at that point. 

407 . A rough circular cylinder slides 
iown an inclined plane with one end in 
•ontact with the plane. To dcicrfnine the 
frictioHy the acceleration down theplanCy and 
the condition that this motion should be 
possible. 

Let a be the inclination of the plane, 
h the height of the cylinder, r the radius 
of its base, ^ the coefficient of friction, x the displacement of the centre 
of mass down the plane. Let R be the normal pressure between the 
cylinder and the plane. Then, for motion down the plane 

d^x 

M—2 = M^sin a - /xR.(,) 

Since there is no motion perpendicular to the plane, 


o = M^cqs a - R.(2) 

and because there is no rotation, 

o = .(3) 


where b denotes the perpendicular distance from G, the centre of mass, 
to the line of action of R, taken positive when G is on the upper side 
of this line of action. 

Now R must act somewhere inside the base, so that b must not be 
greater than r. Thus the condition that there should be no rotation 
is, from (3), 



2r < or = iJih 


( 4 ) 
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Now multiplying (2) by ju and adding to (i), 
M-^2 =r M^sin a — (j, cos a) 

or ^ ~ a - /i cos a) 


( 5 ) 


Thus the acceleration down the plane is constant, and equal to 
^(sin a — /X cos a) when this is positive. If, however, this expression 
is negative there is no motion, and the assumption made in (i) that 
the friction is limiting friction is not correct. The expression for the 
acceleration will be positive when tan a is greater than jjl. This is 
one of the conditions that the motion we have considered should be 
possible, and another condition is expressed in (4). 

When motion does take place the friction is, from (2), 


/xR = cos a .(6) 

The displacement and the velocity at any time can be found imme¬ 
diately by integrating (5) when the initial conditions are given. 

408 . A and B are the points of contact of the fro 7 it and back wheels of 
a bicycle with a level road, G is the centre of mass of rider and bicycle- G 
is at a height c above the line AB, and the vertical through G divides AB 
into tt£io parts of lengths a and b. If the rotation of the front wheel is 

stopped by the brake, the bcuk wheel not 
being braked, and if the coefficient of friction 
betiveen the wheel and the ground is ji, to 
fifid the pressures between the wheels and 
the ground, and to compare them with the 
pressures before the brake was applied- 

Since there is no vertical acceleration, 
we have 


G 

- ^1/ 


c 

h 

O' ^_ 

8 

yip 


Fig. 176. o = - P - Q . (i) 

M denoting the mass of the rider and bicycle. Also, since there is no 
rotation, the moment of the forces about the centre of mass is zero; 
that is, 

o = <7? - r/xP — bCi .( 2 ) 

Solving (i) and (2) for P and Q, we get 

.(3) 


ab c[i 


The pressures before the brake was applied were 


-{■ b (a + b){a — cfi)^ 


’ (4) 

• (S) 

• ( 6 ) 
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If the expression for Q in (4) is negative, the motion we have 
assumed is not possible. The bicycle will kick in this case, and the 
rider will be thrown over the front wheel. The condition that this 


should not happen is 

Q > o . (7) 

that is, a > .(8) 


In an ordinary bicycle the following are rough values of the quantities 
used— 

^ = 20 inches, <2 = 25 inches, ^ = 44 inches, /x ~ 0*58 (9) 

Therefore — r/t — 25 — 25*5 inches.(10) 


which is nearly zero. It follows, therefore, that if the brake be forcibly 
applied to the front wheel there is a great danger of kicking. In this 
case the whole weight is thrown on the front wheel. 

The horizontal force is /zP, and this produces a horizontal retardation 


/uP _ 

iM a -P />» — 




which, with the numerical values in (5), is nearly \ig ox o*58^>*. 

It is left as an exercise for the student to prove that if the back 
wheel instead of the front wheel is stopped by the brake, the pres¬ 
sures are 


P = 


d + fxc 
a + b ^ lu 




{12) 


Q = 


a 

a + ^ lie 




Also tlve horizontal retardation is 


(13) 


mQ 

M 


fia 

rt 4* ^ + lie^ 


= 0*206^ nearly • 


• (14) 


409 . A siring is wrapped round a solid cylinder 
oj radius a, and to the free end a mass is attached. 
The cylinder is free to rotate about its axisy which 
is horizontal To find the motion due to the falling 
of the mass attached to the string. 

Let M and m denote the masses of the cylinder 
and the body attached to the string. 

When the angular velocity of the cylinder is cu, 
the linear velocity of w is acj. Denoting the 
tension in the string by T, the equation of motion 
of m is 


d{aui) 


t 



(0 


Fjg. 177. 






410 MECHANICS OF PARTICLES AND RIGID BODIES 


The equation for the rotational motion of the cylinder is 

.dco ^ 

^ ~ . 

Multiplying (i) by a and adding to (2), we get 

(I + = amg . . . 


(2) 

(3) 


whence 


doy ___ ^ amg ^ 

dt 1 + 4 - ma^ *” (M + 2m)a 


(4) 


Thus the angular acceleration is constant^ and therefore the linet 
acceleration of m is constant. If d is the angular displacement of tiv 
cylinder since it was at rest, and / is reckoned from this instant, then 
by integrating (4) twice, 


e = 


(M 4 - 2 m)af 


(5) 


If X denotes the distance through which m has dropped in this time 


= aO = - 


mg 


M 4 - 2;// 

410 . A sphere^ whose centre of mass is at its centre of figure^ rolls down 
a rough inclined plane unthout sliding. To 
find the distance travelled in t seconds from 
rest. 

Suppose that, at the beginning of the 
motion, B was in contact with A, C is the 
point of contact / seconds after the start. 
I^et AC be denoted by x^ and let a be 
the radius. Let R be the normal pressure 
between the sphere and the plane, F 
the friction up the plane. Then, /or the 



motion of the centre of mass parallel to the plane, 
d^x 

sin a — F 
dF 


(0 


And since there is no motion perpendicular to the plane, 

o = cos a — R . . , 

For the rotational motion 


dW 

df^ 


(2) 

(3) 


k being the radius of gyration of the sphere. 

Since there is no sliding, AC is equal to the arc BC \ that is, 

X = aO 

Differentiating both sides twice, we get 

d^x (FB 

• dfi dfi . 


( 4 ) 

( 5 > 
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Eliminating F from (i) and (3), 

... (6) 

From (5) and (6) 

d^x a^ 

dfi + “ • • ■ 

... ( 7 ) 

The distance travelled 

in t seconds from rest is thus 



I a^ 

. . . 

... (8) 


When a body slides down a smooth plane its acceleration is g sin a. 

^2 

fhus the acceleration of the rolling body is „—of the acceleration 

of a sliding body. 

For a solid sphere 

= .( 9 ) 

* d^x * 

and therefore -3^9=f^sina.(lo) 


dt^ 


For a hollow sphere with inner and outer radii b and 
, 2 __ 2 ^ 

^ ~ 5 ‘ . 


(ii) 


The same method will clearly apply to a cylinder. 

For a solid cylinder 

^2 = ^^2 .^ j 2 ) 

and the distance travelled from rest is 

a: = 1^/2 sin a.(13) 

Equation (i) now gives the friction. Thus 

,d^x 


M- 


di^ 


F = sin a 

= .(14) 

411. A sphere or cylinder partly rolls and partly slides down a rough 
inclined plane. To find tlie acceleration down the plane and the angular 
acceleration. 

When the body is rolling and sliding the friction is limiting friction. 

The equations (i), (2), and (3), of the last article are still true. We 
will write them here again— 


d^x 

^~dfi = % sin a - F 

o = Mg cos a — R 
~dW 

= .... 


(0 

(*) 

( 3 ) 
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But since sliding takes place the equation (4) is no longer true. In 
its stead we have the equation expressing the fact that the friction is 
linjiting friction. Thus 

. , , f = mR ..(4) 

From equation (2), 

fiR = fiMg cos a .(5) 

Substituting this value for F in (i) and (3), and then dividing each by M, 

^ ^ sin a - COS a.(6) 

d^O 

. 


Thus both the acceleration of the centre of mass and the angular 
acceleration are constant. The motion of the centre of mass is 
entirely independent of the form of the body when sliding does occur. 
The equation (6) is just the same for a body which does not roll at all. 

412. The Test for Sliding when a Cylinder or Sphere rolls down 
an Inclined Plane. —When a sphere or cylinder rolls down aif inclined 
plane the motion may be pure rolling, or a combination of rolling and 
sliding, and we have investigated both sorts of motion. But we want 
some test which will enable us to discover which is the correct kind 
of motion in any particular case. This test will now be given. 

Equations (2) and (14) of Art. 410 give 

F 

R = j2^tana . (i) 

Now F cannot be greater than (jlR. Consequently the motion will 
be a combination of rolling and sliding if 

J ^2 

az + tan a > M.(a) 

and it will be pure rolling if 

^2 

tan a < .(3) 

Before attempting to solve the equations of motion for a body 

rolling down a plane, it will therefore be necessary to discover which 
of the inequalities (2) or (3) is true. If (2) is true the results in Art. 

411 are correct, but if (3) is true the results 
in Art. 410 must be used. 

413. A uniform rod of length 2 a is 
spinning in a horizontalplatte about an axis 
through its centre of gravity. To find the 
tension at a distance 2x from one end* 

Let m be the mass of unit length of 
the rod, cu the angular velocity, T the tension required. 

Let AB be the rod, P the point at which the tension is required, the 
distance PB being 2X* 



Fig. 179. 
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The centre of mass of the portion PB describes a circle of radius 
{a — x). Hence this point has an acceleration (a — x)(xt^ towards the 
centre G of the circle. The mass of PB is 2xm, Hence, resolving 
along BG 

2xm(a — x)oE‘ = T.(i) 

This is the tension required. 

We should get exactly the same result, of course, by considering 
the motion of the portion AP. For its centre of mass describes a 
circle of radius and its mass is 2(a — x)m. Hence 


2(^ — x)m . axo- = T.(2) 

which is the same as before. 

414 . A circular hocp of radius a and mass m per unit length rotates 
with angular velocity o) radians per second about its axis, which is vertical. 
To find the tension in the hoop. 

We will consider the motion of half of the hoop whose centre of 
mass is at G. Now if C is the centre of 
the hoop 


CG = 


(0 


The acceleration of G is CG. oeP tow'ards 
C, and the mass of half of the hoop is 
vema. Hence, resolving along GC for the 
motion of this half, 

•nma . CG . a>2 = 2T . . (2) 



since the only horizontal forces on the mass we are considering are 
the tensions of the other half at the plane of separation of the two 
halves. 

From (2) T = ma^afi = mv^ poundals.(3) 


where v is the velocity of a point on the hoop. 

If s is the area of the section of the hoop, and p the density of the 
material, then, s being the volume of unit length. 


m = ps 


(4) 


Hence 



pv^ 

g 


lbs. 


(5) 


Now y is the tension across unit area of the section of the hoop. 

For cast iron the breaking tension is about 432 x 10^ lbs. per square 
foot, or 432 X 32 X 10^ poundals per square foot, and the density is 
450 lbs. per cubic foot. If, then, a cast-iron hoop is just at breaking- 
point 

432X32X10^=450^*.(< 5 ) 

ar 554 feet per sec. = 6*3 miles per min. • (7) 


trom which 
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If the actual tension of the hoop were one-ninth of the breaking 
tension, then we should have 


6'3 -1 

V =2*1 miles per min. 


( 8 ) 


415 . A solid homogeneous sphere of radius a is projected along a rough 
hcfizoJital plane with a velocity Vq. When it is projected it is spinning 
about the horizontal diameter perpendicular to Vq with an angular velocity 

oiq in the dinction cofitrary to that i?i 
which it would spin if there were no 
sliding. To jind the ultimate motion. 

Let V and a> be the velocity of 
the centre of mass and the angular 
velocity / seconds after the projection. 
Let F denote the friction acting on 
the sphere. 

Then resolving horizontally, 
dv 



dt 


= ~F 


The equation of rotation about the centre of mass is 


dojt 


(i) 


(*) 


Putting \a^m for I in (2), we get 



do) 

= -F . . . 

• • • • (3) 

Now from (i) and (3) 

3 doi dv 

• • • • (4) 


* dt dt 

Integrating this 

\aiis — = a constant 



= lacoo - Vo . 

.... (5) 


The sliding will continue until 7/= When this happens 

either co or 7/ will have changed its sign, and the motion will be one of 
pure rolling in one direction or the other. 

When the sliding has ceased we find from (5) 

\aio = -\v = l^cuo - ^'o.(6) 

This shows that the sphere will come to rest, and then begin to move 
backwards if 

facuo - n 

is positive. But if this quantity is negative the spin will stop, and then 
the sphere will begin to spin in the opposite direction, and finally it will 
roll without sliding in the same direction as Vq, 
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416, To find the tension, shearing force, and bending moment at 
any point of a uniform rod moving in any manner in one plane. 

Let AB be the rod, 

P the point at which A 

the stresses are required. 

.et PA = z. 

Let a and )8 denote 
^le component accelera¬ 
tions of G, the centre of 
mass of PAj along and 
perpendicular to PA. Let 
X and Y denote the com¬ 
ponents of the external 
forces on PA in the direc¬ 
tions of a and jS; and let 
N denote the moment of 
these external forces about 

G. Let 7)1 denote the mass of unit length of the rod. 
the shear, 'P the tension, and M the bending moment. 

For the motion of the centre of mass of PA we have the 
equations 

«/« , a = X — T.(i) 

zm.p=:Y-i-V .(2) 

If CO denotes the angular velocity of the rod, the equation for 
rotation of PA about G is 



Let F denote 


two 


But 

Hence 


dco 

I^ = M + N- 

I = . Tnz 

„d(o 




= M + N - isF 


(3) 


( 4 ) 


doj 


When a, /3, and known, equations (i), (2), and (4), give the 

stresses T, F, and M, in terms of X, Y, and N, which are supposed to 
be known forces. 

417. A ufiifor7n rod turns without 
friction about a horizontdl axis through one 
end under fio forces except the action at the 
hinge and its own height. If its angular 
velocity in the highest positioti is cuo, to find 
the angular velocity tn any other position 
and the reactions of the axis* 

Let 6 be the angle which the rod 
makes with the vertical at any instant, P 
and Q the actions of the hinge perpen¬ 
dicular to, and along, the rod respectively. 

Let / be the length of the rod. The 



Fio. 183. 
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acceleration of G perpendicular to the rod, in the opposite direction 
from that in which P is shown, is 

dtk2)~^^dfi- . 

Hence, if M is the mass of the rod, 

^ ^. 

And for rotation about the centre of mass 

= ;P.(3) 

since the moment of inertia about G is yjMA Eliminating P from (2) 
and (3), we get 

sin ^.(4) 

O’" (5) 

Writing a> for ^, then 

d^B dio dm dB dm 

^ Tt "^~dB'dt^ ^dB . 

Therefore (5) can be written 

.(7) 


Integrating this with respect to 0 

Im^ = — 3^ cos B + c .(8) 

Since co = a)o when ^ = o, we get 

/mo2=-3^ + f.(9) 

Subtracting (9) from (8) 

/aj2 — /wq^ = — cos B) .(10) 

Using the value of the angular acceleration in (5), equation (3) gives 

T ==lM^sme = iWsmB .(ii) 

where W is the w^eight of the rod. 

To find Q, resolve along GO for the motion of the centre of mass. 
Thus, since G describes a circle of radius |/ its acceleration along GO 
is Hence 

iM/aj 2 = Q + cos 0 (19) 

Q = JM/cu 2 — cos B 

= JM/cuq^ + |M^i — cos 0 ) — M^cos 0 
= + iM^(3 - 5 cos 0 ) 

/coo2 


or 











EQUATIONS OF MOTION 417 


418 . To find the tension^ shearing force ^ and bending moment at distance 
z from the free end of the rod in the last exa^nple. 

The notation is that employed in Art. 416. The only external force 
acting on the portion of length ^ is its weight mzg^ which acts at its 
centre of mass, that is, at a distance / — \z from the axis of rotation. 
Taking accelerations in the directions indicated in Art. 416 



a == — (/ — ^z'oj^ . 

• (0 


^ = . 

. (2) 

where, in 

accordance with the direction of a> in Art. 416, 



dO 

^ “ dt . 

• (3) 

Also 

X = — mzg cos 0 , , . 

• (4) 


Y = — mzi^ sin 0 . 

• (5) 


N = o. 

. ( 6 ) 


Hence, by equations (i), (2), and (4), of Art. 416, 
T = X — mza 

= — mzg cos 6 + ^i2:{l — 


s= — mjs:|^cos 6 --{I — 4- 3‘Ji — cos i9^| 

= ^{ (2^ - 4 - 3g) - (8/ - 3z)g cos 6} , . (7I 

F = mzp — Y 

= -^sin 6^ 

c — mz^{l — sin 0 ^ sin 6 1 

= - i/lS'sin 0. 

M = 

2 ^ mz^ 

= - 5 ^ mz^f^ sin 6 + (3« - z/),?- sin 0 



( 9 ) 

(lo) 


the same relation between bending moment and shear as in statics. 

The tension depends on the initial conditions, since it involves coq, 
but the bending moment and shearing force are independent of these 
conditions. 
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The results show that F is zero and M has its greatest magnitude 
where z = f/. Putting this value for z in (g), we find that the corre¬ 
sponding value of M is 


W 

M =- ^ sin 9 - -/ sin 9 

27 * 27 


(”) 


where W is the weight of the whole rod. 


EXAMPLES ON CHAPTER XIX 

I. A uniform hoop of radius r, spinning in a horizontal plane with angular 
velocity w radians per second, is gently placed on a horizontal table with 
which the coefficient of friction is /a. 11 the centre of the hoop has no motion, 
how long will the friction take to bring the hoop to rest ? 

[ •“' seconds. 

J 

2. A wheel, of radius r, rotates with constant angular velocity o> radians 
per second in a horizontal plane about a thin axle through its centre. A 
uniform disc, of radius with a very small hole bored through its centre to 
fit the axle loosely, is slipped on the axle and gently placed at rest on the 
wheel. If the two bodies are in contact only at the rim of the wheel, and if 
ft is the coefficient of friction between the bodies, determine what time will 
elapse before the disc acquires the angular velocity a>. 

seconds.! 

3. A uniform disc, of radius a, spinning with an angular velocity w about 
its axis, which is vertical, is gently placed on a horizontal table, with which 
the coefficient of friction is ft. In what time will the disc come to rest if the 
pressure between the disc and the table is uniformly distributed over the area 
of the disc ? 

seconds.] 

4. A uniform rod, of length /, rotates on the surface of a rough horizontal 
table with angular velocity co about its centre, which is at rest. If /x is the 
coefficient of friction, and if the pressure between the rod and the table is 
uniformly distributed along the rod, find the time required by the friction to 
reduce the rod to rest. 

-seconds. I 

J 

5. A thin uniform rod with flat faces, which prevent rolling, lies on a rough 
horizontal table which rotates about a vertical axis with angular velocity w. 
If ft is the coefficient of friction, and c the distance of the centre of mass of 
the rod from the axis, show that the rod can rotate with the table without 
slipping provided ca)2 is less than ftj^. 

6. A wheel of radius 3 feet makes 100 revolutions per minute about its 
axis, which is vertical. Attached to the rim of the wheel, and separated by 
one-third of the circumference, are two bodies each of mass 2 lbs. If the 
wheel itself is symmetrical about its axis, find the outward pull on the axis 
due to the attached masses. 

[20-4 lbs,] 
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7. Where must a three-pound mass be attached to the wheel in the last 
question so that there should be no pull on the axis ? 

[At 2 feet from the centre, on the spoke at 120® from the other pair of 
masses.] 

8. A flywheel is movable in smooth bearings about a horizontal axis, and 
is set in motion by a descending body of mass P, which hangs from one end 
of a cord coiled round the axle of radius r. The mass is found to descend 
through h feet in n seconds ; prove that the moment of inertia of the wheel 
about its axis is 



(^London B,Sc.^ 1906.) 

9. A string, which passes round the rim of a wheel of radius r mounted 
on a horizontal axis, carries masses mi and w/2 ends. If 1 is the moment 
of inertia of the wheel about its axis, and if is greater than wj, show that 
the acceleration of the masses is 

{fn 2 - 

{m 2 + wi)r2 + I 

assuming that the friction is negligible. 

10. A chain of mass m and length /, with its ends hanging free, passes 
round the rim of a wheel which is free to rotate without friction in a vertical 
plane with its axis fixed. The moment of inertia of the wheel is I, and its 
radius is r. If 2x denotes the difference of the lengths of the portions of the 
chain hanging free on the two sides of the pulley, show that the acceleration 
of the ends of the chain, so long as it does not slip over the wheel, is 

2 g xmr^ 
l(l mr^) 

11. In the last question, if I = 6 m/- 2 ^ I = 307 inches, find x in terms of 
the number of seconds, /, since x was zero, assuming that the velocity at the 
start was one inch per second. 

[jr = § sinh \t inches.] 

12. A homogeneous hollow cylinder, whose inner radius is half of its 
outer radius, rolls without slipping down a plane inclined at the angle a to 
the horizontal, hind its acceleration. 

[Air sin o.] 

13. If the inclination of the plane in the last question is so great that the 
cylinder slips in its motion down the plane, find its acceleration in this case. 
Take as the coefficient of friction. 

[^(sin a — /A cos a).] 

14. Find the acceleration of a homogeneous hollow sphere, with inner 
and outer radii a and down a rough plane at a small inclination a to the 
horizontal. 

r 5^2(^3 - /z3) . 1 

15. It is suspected that a certain sphere is hollow, and to decide this an 
undoubtedly solid sphere and the suspected sphere are allowed to roll down 
a rough plane at a small inclination to the horizontal, both starting together 
from rest. It is observed that the suspected sphere rolls 98 inches while the 
solid sphere rolls loi inches. Show that the suspected sphere must be 
hollow, and that its inner radius is half of its outer radius. 
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16. A sphere of radius r, rotating with angular velocity co about a 
horizontal diameter, is gently placed on a horizontal table with which the 
coefficient of friction is fi. Show that there will be slipping at the point of 

contact for a time and that then the sphere will be rolling with angular 

velocity fa>. {London B.Sc,, i()oy,) 

17. A uniform circular disc of radius r is thrown forward on to a hori¬ 
zontal plane in such a way that the forward horizontal velocities of the centre 
and the lowest point of the disc are v and v -f ra>, the disc being always 
vertical. Whatever be the nature of the friction, show that the disc will 
return to the starting-point if roi is greater than 2 v, 

I^Show that the angular velocity is when the centre comes 

to rest.] 


18. A uniform thin spherical shell is placed at rest on an inclined plane. 
If/* is the coefficient of friction bet\veen the shell and the plane, find the 
greatest inclination of the plane for which the sphere will roll without 
slipping. 



19. A solid sphere of radius r, rotating with angular velocity a>, is placed 
gently on an inclined plane, the horizontal lines in which are parallel to 
the axis of rotation of the sphere. If a is the inclination of the plane to the 
horizontal, and /* the coefficient of friction, show that the length of time 
during which the sphere slips after it is put in contact with the plane is 


2rtii 

^{ 7 fi cos a -- 2 sin a) 

assuming that the direction of co is such as to take the sphere up the plane, 
and that a is small. 

20. A uniform circular disc is projected up a rough inclined plane with 
velocity u, but no rotation, the plane of the disc being a plane of greatest 
slope. Show that the disc ceases to slip after a time 


u 

g{ 3 fi cos a + sin a) 

where /* is the coefficient of friction, and a the inclination of the plane. 

(London B.Sc ^ Honours Maths,^ 1908.) 

21. A square table, whose centre of mass is at a height two feet, and whose 
feet are at the corners of a square with sides 3*6 feet long, stands in a railway 
truck which has a retardation of 2*3 feet per sec. per sec., with a pair of sides 
parallel to the motion of the truck. What part of the weight is borne by the 
forward pair of feet ? 

[JJ of the whole weight.] 

22. Suppose that the distance between the axles of a motor car is four 
feet, and that the centre of mass of the car and its load is one foot in front of 
the back axle, and 30 inches above the ground. If the coefficient of friction 
between the tyres and the road is 0*6, find the shortest distance in which the 
car can be brought to rest from a speed of 20 miles an hour when only the 
back wheels are braked. 

[About 13*5 yards.] 
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23. A motor-car travels with a speed v round a level circular track of 
radius r. If is the height of the centre of mass of the car and its load, and 
c the length of the axles, find the weight borne by the y^air of wheels on the 
inner side of the curve, and find the speed at which it would topple over. 

[If W denotes the total weight, the weight borne by the inner pair of 


vheels 


is 


2^2/2 I 

velocity at which it would topple 



24, If the length of the axles of a motor-car is four feet, and the height 
of the centre of mass two feet eight inches, show th<it the greatest speed at 
which it could turn, without toppling, from a road 26 feet wide into another 
road of the same width perpendicular to the first road, is about 29*4 miles 
per hour. 

[Assume that the car turns on a quadrant of a circle.] 


25. The ends of two cords wound on two reels are joined together. The 
cord is then passed over a smooth peg and the reels allowed to fall vertically 
under their own weight ; show that the motion of the cord across the peg is 
the same as if the reels were replaced by particles with masses less than 
those of the reels in the ratios k2 \ {a^ -P /c2)and#Ci2 : (^^2 4. ki 2), where a, ai, 
K, Ki, are the respective radii and radii of gyration of the reels. 

{Victoria University^ 1902.) 

26. A uniform hoop, of radius r, is thrown into the air spinning with 
angular velocity cx^. If m is the mass of unit length of the hoop, show that 
the tension in the hoop is mr^ufi, 

27. A flywheel, of radius r, rotates with constant angular velocity a> 
about its axis, which is horizontal. If the actions of the spokes on the lower 
half of the rim be neglected, show that the tensions in the rim at the ends of 


the horizontal diameter are each ~^nrg -f mr^w^y where m is the mass of 
unit length. 

A flywheel, making 50 revolutions per minute in a vertical plane, has a 
total mass 3 tons and a radius 6 feet. Find the tensions at the ends of the 
horizontal diameter. 

[3-19 tons.] 

28. A uniform disc, of mass m and radius r, rotates with angular velocity 
cj about its axis, which is vertical. Find the total tension across a diameter 
of the disc. 

[By considering the motion of half the disc, the centre of mass of 
which has an acceleration ™a>2, the tension is found to be 

-?-wrcu21 

3ir J 

29. If the earth, in cooling, contracts uniformly throughout its mass, show 
that, at the present time, the length of the day decreases by one second for 
a diminution of about 120 feet in the radius. 

{Victoria Universityy 1902.) 

[If r is the earth’s radius, m its mass, cu its angular velocity, t the 
length of the day, then the moment of momentum is cmr^Wy where 
c is some fraction which remains constant because the contraction 
is uniform. Since no couple is supposed to act on the earth, 
f2a> remains constant. This makes r 2 proportional to /, from which 
the result follows. ] 
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30. A bicycle wheel is set spinning with angular velocity co about its 
axle, which is firmly fixed in a vertical position. At the start a ring of mass 
m is on a spoke and at distance c from the axis. If I is the moment of 
inertia of the wheel about its axis, what will be the angular velocity when the 
ring is at distance x from the axis, assuming there is no friction at the axle ? 

[ I + wr 2 1 
r -f- mx^^ J 

31. By considering the rate of change of the moment of momentum, abou^ 
any horizontal line in an inclined plane, of a body rolling down the plane 
deduce the equation 

lo) + f/irz/ = mgt sin a + a constant, 

whatever be the nature of the friction, provided only that the body is 
symmetrical about its axis. 

32. A pair of equal thin uniform rods AB, BC, joined by a vertical pin at 
B, which is not smooth, are set spinning with angular velocity w about a 
smooth vertical axis through A while the rod BC is doubled back so as to 
lie vertically above BA. While spinning the rods open out, and finally stick 
with AB and BC in one straight line. What is their angular velocity in this 
position ? 

[i«.] 

33. If the end C of the rod in the last question were joined to A by a 
light string, with the same length as each of the rods, so that the rods finally 
stick at 60° to each other, what would then be the angular velocity ? 

34. If a pair of equal rods, with one pair of ends joined by a pin, and the 
other pair by a string with the same length as a rod, were thrown into the 
air rotating with angular velocity w about an axis parallel to the hinge, while 
the rods are doubled back one on the other, what would be the angular 
velocity when the string became tight ? 

[In this case it is the moment of momentum about the centre of mass 
of the two rods that remains constant. The result is exactly 
as for the last question.] 

35. Work out the results of questions similar to Nos. 33 and 34 when the 
length of the string is such that the rods finally stick at an angle 2a to each 
other. 

j^The final angular velocity is cases.J 

36. Assuming that the square of the radius of gyration of the earth about 
its axis is one-third the square of its radius, that its mass is 81 times the 
moon’s mass, and that the moon’s distance from the earth is 60 times the 
earth’s radius, find the ratio of the moment of momentum, about the earth’s 
polar axis, of the motion of the moon,to the moment of momentum of the 
earth about the same axis. Assume that all the motion is parallel to one 
plane, and that the moon’s rotation on its axis may be neglected. 

[ 4-880 

37. The action of the moon on the earth through the tides is gradually' 
slowing down the earth’s rotation, and this will go on till the day and the 
month have equal lengths. When that time arrives the moment of 
momentum of the earth about the centre of mass of earth and moon will 
t>e small compared with that of the moon’s motion. Assume, then, that 
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the earth’s moment of momentum will be negligible at that time, and find the 
length of the month in days of the present length. 

[The action and reaction between the moon and earth does not alter 
the total moment of momentum about their common centre of 
mass, which may be taken at the earth’s centre. Consequently 

by question 31, 

where m = moon’s mass, and r, tq, a>, wq) its final and preserl 
distances from the earth and angular velocities. Also, by Keplerf 
third law, 

These equations give cjq = (r2o5)3a> = r 75 ^» and therefore the 
final length of the month is 175 x 27-3, or 48 days.] 

38. Two uniform rods AB, BC, joined by a smooth hinge at B, are 
initially at rest and at right angles to each other. If the rod AB is constrained 
to move with constant acceleration / and no rotation in the direction BA, 
find the angular velocity of BC when it comes into line with AB. 

1*11/= length of rod, = ^41 



CHAPTER XX 

THE ENERGY EQUATION FOR A RIGID BODY 

419. Kinetic Energy of a Rigid Body moving parallel to One 
Plane. —Let m be the mass and the co-ordinates, referred to fixed 
rectangular axes, of any particle of the body. Let w, be the com¬ 
ponents of the velocity of the particle parallel to the axes. Let .r, y, be 
the co-ordinates of the centre of mass v the component velocities of 
this point. Let M be the mass of the body, I the moment of inertia 
about the axis through the centre of mass perpendicular to the plane of 
motion, the angular velocity. 

Since the kinetic energy of m is \m{u^ + it follows that the 


kinetic energy of the whole body is 

+ 7 '"^) .(i) 

Now let jtr = 5 *-h A*'.(2) 


oi being the abscissa of m referred to axes through the centre of mass 
of the body. 

Differentiating both sides of (2) with respect to /, we get 



- , da! 

dt . 

(3) 

Hence 

.2 -2_L -dx (dx'f 

"2-«2+2«-~ . 

(4) 

Therefore 

Emu^ = Emu^ -f Ezmu — -f Enk ) 
dt \ dt / 



_ dx! — {dx* \2 

= M«2 4. 21/Em -- + Em( “ ) . . . . 

dt ^ dt ^ 

(5) 

But since the origin for the dashed letters is at the centre of 
of the body 

Emx =0 . 

mass 

(6) 

and therefore 

II 

0 

(7) 


Consequently the second term on the right-hand side of (j) is zero, 
Renee 

= Mw2 -f 


(8) 
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The kinetic energy of the whole body is therefore 

4. . (9) 


Now the quantity involving 27 on the right hand of (9) is the kinetic 
energy of the motion relative to the centre of mass, and is the same 
whether the centre of mass is in motion or not, provided the relative 
motion remains the same. But the only possible motion for a rigid 
body relative to the centre of mass is one of rotation. Since the motion 
is parallel to one plane, the body therefore rotates about an axis through 
the centre of mass perpendicular to this plane. 

Let r be the distance of m from this axis through the centre of mass, 
cu the angular velocity of the body. Then clearly the velocity of m 
relative to the centre of mass is ro>. Hence 



Thus (9) and (10) give 

4- 7-'^) = 4- ^ ^27w; 2a>2 

= iM(/72 + i;2) + . . 


(10) 


(II) 


This, then, is the kinetic energy of the rigid body. 

If one point at a distance /i from the centre of mass is fixed, then 
the resultant velocity V of the centre of mass is //co. Hence 

«2 4. i;2 ^ V2 =//2a>2.(12) 


Therefore the kinetic energy is 

JM;/2co2 4. 4 Icu 2 = i(M/^2 + i)oj2 .... (13) 

But the quantity 4 - I is the moment of inertia about the fixed axis, 
and if we denote this by I', the kinetic energy becomes 

.(14) 

This result can be obtained easily without using the result given in 
(ii). For the velocity of a particle m at a distance Y from the fixed 
axis is Hence its kinetic energy is Thus the kinetic 

energy of the whole body is 

= ^a>227w/2 - ^co2r . , • . ( 15 ) 

However a body is moving parallel to one plane the motion at each 
instant can be represented by a rotation about the instantaneous axis of 
rotation. This, at any rate, gives the correct velocity at every point of 
the rigid body. Consequently, if V is the moment of inertia about the 
instantaneous axis, the kinetic energy is ^Vay^ as in (14). When we 
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know the position of the instantaneous axis, this last form for the kinetic 
energy is very useful Moreover, the use of the instantaneous axis 
gives us an alternative proof of (n). 

420. Energy Equation for a Rigid Body. —If the external forces 
acting on a rigid body be replaced by a force with components X and Y 
acting at the centre of mass, together with a couple N, then the work 
done in any displacement of the body is, by Art. 128, 

+ jYdy + /N//^.(i) 

where x and are the co-ordinates of the centre of mass, and B is the 
angle which some plane in the body perpendicular to the plane of 
motion makes with another plane fixed in space also perpendicular to 
the plane of motion. 

Now the total work done on the rigid body by the external forces is 
clearly the sum of the works done on its separate particles, because the 
work done by the reactions between the particles will disappear from 
the equations when we sum for all the particles, just as the reactions 
themselves disappeared from the equations of motion. But the increase 
in the kinetic energy of each particle in any interval is equal to the 
work done on it in that interval. Consequently the increase in the 
kinetic energy of the rigid body in any interval is equal to the work 
done by the external forces. That is, if V is the resultant velocity of 
the centre of mass 

^UY^ + il(jo^^/Xdx+/Ydy^/Nde + C . . (2) 

The constant C represents the kinetic energy at the beginning of the 
displacement considered. 

If several rigid bodies are attached together so that the reactions 
between them can do no work, then the sum of their kinetic energies is 
equal to the work done on them by the external forces in any interval 
of time, together with their kinetic energies at the beginning of that 
interval. 

421. Energy Equation by another Method.— We can obtain the 
energy equation (2) of the last article immediately by integrating the 
equations of motion of the rigid body. These equations are 


du 

= X . 

at 

• • 

(0 

dv 

M- = Y . . 


( 2 ) 

I- -N 

V/ " • • • • 

• • • 

• ( 3 ) 


where u and v are the component velocities of the centre of mass. Now 
du ^du dx du 

Tt ~ dx'di ~ ^Tx . 
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The other two accelerations can be similarly transformed. Then 


du 

dx 

• - 

. . . 

• • • ( 5 ) 

> 

(1 


, . . 

... (6) 

doj 

• 

, . - 

• • • ( 7 ) 


Integrating these with respect to and 6 , and adding the results 
^U{u^ -f z/2) + = jxix -t- jy^y + + C . (8) 

which is the same equation as before. 

422 . Energy Equation when the External Forces have a 
Potential.—If the external forces have a potential U, then the work 
done in a small displacement is —^U. Thus 

~U = jXIx + jYdy -f jXdO + A . . . (i) 

Hence, V being the resultant velocity of the centre of mass of the rigid 
body, 

JMV2 4. ^10)2 = —U -f a constant ... (2) 

or ^MV 2 -f 4 U = a constant (3) 

428. Degrees of Freedom. —If n geometrical quantities must be 
given in order to fix the position of a body or system of bodies, that 
body or system is said to have n degrees of freedom. Thus a particle 
moving in space has three degrees of freedom, since three co-ordinates 
x,y^ Zf are needed to fix its position. But if the particle is only free to 
move parallel to one plane, say the xy plane, then one co-ordinate is 
fixed and only two are -left free; that is, only two degrees of freedom 
remain. 

If a rigid body is free to move parallel to a fixed plane it has three 
degrees of freedom. For its position can be fixed by the two co-ordi¬ 
nates of the centre of mass and the angle 0 through which it has rotated. 
Or instead of 0 the third geometrical quantity might be the abscissa of 
any particle in the body except the centre of mass. Or again the body 
can be fixed by the abcissae of any two particles in the body and the 
ordinate of a third point. In fact, any three independent co-ordinates 
or geometrical quantities depending on the position of the body will 
fix that position. 

If a rigid body has an axis fixed so that it can only rotate about that 
axis, then it has only one degree of freedom. Or if a body rolls without 
sliding, parallel to a given plane, on any fixed surface, it has only one 
degree of freedom. 

424. Sufficiency of the Energy Equation when there is only one 
Degree of Freedom. —When a body has only one degree of freedom — 
that is, when only one geometrical quantity is needed to fix its position— 
the equations of motion may generally be omitted and the energy 
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equation used in their stead. For all the velocities can be expressed 
in terms of the rate of increase of one geometrical quantity, and thus 
the kinetic energy can be expressed in terms of the rate of increase of 
this quantity. If we can easily find the work done the equation of 
energy can be written down at once, and this equation will lead to 
the geometrical quantity which fixes the position of the body. 

Even in cases where we have to find some of the forces acting on 
the body, and it is necessary to get these forces from the equations of 
motion, it will often be found easiest to get the velocities (and therefore 
the accelerations by differentiation) from the energy equation. 

425 . A tiniform rod is placed in a vertical position with one end on a 
smooth horizontal floor. It is then let go ^ and it falls to the floor from rest 

in the vertical position. To find its 
angular velocity in any position and the 
pressure on the floor. 

The rod would be in equilibrium in 
the vertical position, and it would only 
begin to move when it was slightly 
disturbed from the vertical position. It 
could not therefore fall exactly from 
rest in the vertical position. Neverthe¬ 
less, the disturbance which started the motion may be considered to be 
so small that it may be neglected in our equations. 

If is the downward velocity of the centre of mass G, and the 
angular velocity, then so long as the end A is in contact with the floor, 

«'= — cos^)| = ^ sin^-a> . . . . (i) 



where / is the length of the rod. 

Now as there are no horizontal forces on the rod, and there was no 
initial horizontal motion, the centre of mass G moves in a vertical line. 
If M is the mass of the rod, the moment of inertia about G is ^/2jvi. 
Consequently the energy equation is 

4 -x/2|\j(^2 ~ a/(i — cos 0) . . . (2) 

the right-hand side being the work done by the weight as the centre 

of mass falls from a height - to a height - cos 8 . 

2 2 

Using (i), equation (2) gives 

(3 sin2 8 + i)/2cu2 = J2gl(i — cos 8 ). . r (3) 


Now we can find R by using the equation for rotational motion. 
Thus 


X 

12 


M/2'^ =-sin^.R 
dt 2 


(4) 


Now, by a familiar transformation, 


doi do) 
dt "^18 


( 5 ) 




THE ENERGY EQUATION FOR A RIGID BODY 429 


But from (3) /^oj^ == 12^/- 


t — cos Q 


1 


I — cos Q 


r ,0 

Iherefore 2i^co ^ = 12^/ 

au 


I -f 3 sin2 d " — 3 ros2 0 ’ 

sin ^(4 — 6 cos 4 - 3 cos^ 0 ) 
(4-3 C0b2 (9)2 


Equation (4) now gives 


R = 

= w 


4 — 6 cos 0 + 3 C0s2 0 


(4 — 3 COs2 0)2 

4 — 6 COS 0 + 3 cos‘^ 0 
(4-3 COs2 0)2 


( 6 ) 

( 7 ) 


( 8 ) 


VV being the weight of the rod. 

We have assumed throughout that the end A will always remain in 
contact with the floor. We can now test whether this assumption is 
correct or not. If the expression for R in (8) becomes negative before 

7 T 

0 = then the end A will rise off the floor because the floor cannot 
2 

exert a pull, which is what is meant by a negative value of R. But 
the numerator of the fraction on the right-hand side of (8) cannot be 
negative for any value of cos 0 . This numerator can be written 


3(1 - cos 0)2 + I 


which is clearly always positive. 

At the beginning of the motion, when 0 = o, we find R = W. In 
the horizontal position just before B strikes the floor R ~ ;JW. 

426 . A sphere or cy/inder rolls 
without slidmg in a vertical plane 
inside a rouy^h fixed horizontal cylinder. 

To find the velocity at any point and 
also the normal pressure and the 
friction. 

Let a be the radius of the fixed 
cylinder, b the radius of the rolling 
body. A is the lowest point of the 
fixed cylinder, A' the point of the 
rolling cylinder which was in contact 
with A. 

The angle which the rolling body 
has turned through from the equili¬ 
brium position is the angle of inclina¬ 
tion of CA' to the vertical, because CN was vertical in the equilibrium 
position. This angle is (<f> — 0 ). Now, on account of the rolling 


motion, 

a0^bj> .(i) 

Hence - 0 = .( 2 ) 



Fig. 185. 
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The angular velocity of the rolling body is thus 




a — l> dB 


• • • • (3) 


The centre of mass C of the rolling body describes a circle of 
radius {a — b). Hence its linear velocity is 


v={a- by 


The only force which does any work on the rolling body is its 
weight, for the point Q at which the other forces are applied is at rest. 

If k is the radius of gyration of the rolling body about the axis 
through C perpendicular to the plane of motion, the energy equation is 

-j- — b){i — COS0) + a constant (5) 

. . . M 

On dividing by — and substituting for v and co, this gives 

cos 0 + K . . (6) 

Now let R and F denote the normal pressure and the friction. 
Then resolving along the line CO for the motion of centre of mass 

/ dB \2 

= R ~ M^costf .... (7) 
/dB\^ 

Therefore R s= M^cos B + M{a - 

b^ MK b^ 

* cos e + ^ cos e 4- ^ 

3^2 4. ^2 ^ MK b^ 

®= ^2 4. a - b' b^ -f • • • W 

We can find F either from the equation for rotational motion or 
from the equation of motion of the centre of mass perpendicular to CO. 
We shall use this second equation. Thus 


M(d5 — b)~T2 = F — M^sin B 


That is 


F = M(^r — b)- ^ -f M^sin 0 . . . (10) 


On diffeientiating both sides of (6) with respect to /, we get 


2{a — ^)2 


^ ^ Z '2 4./&2 

dt \dt^' . b^ 


= - ^)sin0. (ii) 


Hence 


(a-b)^^^^-g- 


^2 +/i2 


sin . . . (12) 


F = Mjj sin . . . (13) 


Therefore 
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The constant K in (6) and (8) depends on the initial conditions. 

dO 

If n is the value of -j when 0 is a right angle, then (6) shows that 


With this value of K 


IT ( hWL 2 

K = (a - . . . . 

- 4 - 

R = 4* M(^ — h)n 


If there were some arrangement to prevent slipping so long as the 
f )lling body is in contact with the cylinder, then the condition necessary 
to ensure that the body should roll completely round the fixed cylinder 
is that R should always be positive. Now R has its least value when 
0 ~ 7T, and if R is positive in this position, then it will be positive in 
all positions. Thus the body will make complete revolutions provided. 

.(i6) 

But if no arrangement exists for preventing slipping, then slipping 
will occur when the expression for F given by (13) is greater than the 
expression for R multiplied by the coefficient of friction ft. That is, 
the purely rolling motion breaks down at the point where 

. . 

~ 0^2 4-^2 — ^ . . • . (17) 

+ (« - l>)n^ 

Suppose we take the value of n given by making the two sides of 
(16) equal. Then the point at which sliding begins is given by 

_sin ^ 

3/>'2 -f- ^2 I QQs ^ ^.(^ ) 

B u ( 3/>'2 - 4 -/^ 2 ) , r ^ , ] 

or tan - =- -^2~ a sphere I ^ ^ 

= 7ft for a cylinder) 

427 . A sphere of radius a, 'ivhose cenire of mass is at a distance b f om 
its centre, rolls withotrt sliding down an mclined plane^ the motion being 

p/ck that the cenire of mass moves in _ 

one vertical plane. To find the angular 

velocity after the body has turned through f a 

an angle 6 ^ assuming that it startedfrotn V 

rest with its centre of mass at its minimum 

distance from the plane, ^ 

At the beginning of the motion B _ 

was in contact with A. The point of 
contact, I, at any instant, is the instan¬ 
taneous centre of rotation. If co is the angular velocity of the sphere, 
the linear velocity of G, the centre of mass, is therefore IG. a>. 
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But IG 2 = IC 2 + CG 2 - 2IC . CG cos & 

= <^2 4. ^2 2ab cos 6 .(i) 

If k is the radius of gyration about an axis through G perpendicular 
to the plane of motion, the whole kinetic energy of the body is 

JM(^2 4. /,2 _ 2ab cos 0)0)^ + iMPco2 ... (2) 

In the position shown in the figure G is higher than I by an 
amount 

a cos a — b cos (^ + a) ..(3) 

At the beginning of the motion, when B was in contact with A, G was 
higher than I by 

lA sin a + — b) cos a = a 0 sin a + cos a . (4) 

Hence the work done by the weight while the body falls to its present 
position is 

Mg{a 0 sin a — cos a + b cos (0 + a)} . . . (5) 

The energy equation is therefore 

1M(^2 4. ^2 ^ 2ab cos 0 4- 

= sin a ^ cos a + b cos {0 + a)} (6) 

The kinetic energy can never be negative, and consequently the 
right-hand side of (6) can never be negative. In order, therefore, that 
the body should make complete revolutions, the right-hand side of (6) 
must be positive for all positive values of 0 ; that is, the minimum 
value of the right-hand side must be positive. It is clear that the 
sphere will not make a whole revolution except for particular values of 
tf, by and a. For example, if a is zero, it will not move at all, and if a is 
very small, the body will make very small oscillations. 

Suppose that a = 20^ and b = We wnll find whether the sphere 
started in the way we have supposed will make complete revolutions. 

Let sin a — ^ cos a -f ^ cos {0 -f a) 

= b{ 20 sin a ~ cos a 4- cos (0 + a)} . . . (7) 

When y is 3 L minimum 

dy 

^{2 sin a - sin (0 4-a)} = o .... (8) 

and ^ cos (0 4- a) = a positive quantity . (9) 

Equation (8) gives 

sin {0 + a) = 2 sin 20° = 0*6840 .... (10) 

The smallest root of this which makes cos {0 + a) negative is 

0 + a = TTradians .... (ii) 

ii6°5oy 





THE ENERGY EQUATION FOR A RIGID BODY 433 

The minimum value of y is therefore 

^{4*078 sin 20® — cos 20® 4- cos 136° 50J'} = —0*275^ (13) 

Thus ^ becomes negative before the body has turned through two 
right angles. Consequently and therefore cu, becomes zero before 
the body has turned through two right angles. The body will not roll 
down the plane, but will oscillate through an angle less than 116° 50^'. 
In order to find the exact angle at which the body comes to rest, it is 
necessary to find the value of B which makes y zero. For this particular 

case 0 is about A—tt. That is, the body comes to rest after it has 

turned through about 50°. 

428 . A truck ruus on six equal wheels each of mass m and radius a. 
M is the mass of the truck and wheels together^ k the radius of gyration 
of a ivheel about its axis. To find the acceleration of the truck down an 
hicline at an angle a to the horizontal^ neglecting the loss of energy by friction 
at the bearings. 

Let V be the velocity of the truck at any instant, a> the angular 
velocity of a wheel. Then the kinetic energy of each wheel is 


\mv^ + \mk^oF‘ .(i) 

The kinetic energy of the body of the truck is 

i(M — 6/;/)e/2.(2) 


When the truck has run a distance x from rest down the plane the 
energy equation gives 

i(M — (ym)v^ + 4- sin a . (3) 

Since aw = v this gives 

/ k^\ 

|V[ 4. ~ sin a . • • • (4) 


Differentiating this with respect to x 


= Mj?- sin a 

dv dv ^ . 

^~dx ^~dt^ acceleration 


Hence the acceleration down the plane is 


dt 


sin a 

M 4 


( 6 ) 


429 . A reel of cotton of mass M is placed on a rough inclined plane 
with its axis horizontals The cotton unwinds from the upper side of the 
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reel and runs parallel to the plane to a small lif^ht pulley over which it 
passes, 2 he free end is attached to a mass m, which falls vertically. To 

find the acceleration of the reel up 
the plane, assuming that it does not 
slip on the plane. 

Let a be the radius of tne rims 
of the reel, b the radius of the 
cylinder from which the cotton 
unwinds, k the radius of gyration 
of the reel. Let x be the distance 
which the reel has moved up the 
plane from rest, z the correspond-* 
ing drop of w, and d the angle 
through which the reel has turned. 

Let V denote the velocity of 

Fig. 187 the reel. 

The vertical rise of the centre 
of gravity of the reel is x sin a. Hence the work done on the system 
by the weights of the reel and the mass m is 

mgz — sin a.(i) 

The energy equation is 

= mgz — sin a . (2) 



Now the length of string that has passed over the pulley is x on 
account of the displacement of G and bO on account of the rotation. 
Hence 


z = x-^b0=^x-\--x 

a 


and therefore § = (i + = (* + .<4) 

. de . dz. 

The energy equation becomes, on expressing -- and m terms of v, 
4. 4. ^m(^i + ^ z;2 ~ - M sin a| (5) 


Hence 


I 2 __ 4 - ^) — Ma sin a} 

““ M(a^-h + m{^b)^ . • , . ( 6 ) 


The acceleration of the reel up the plane is 


^ /I + ^) — M^z sin a} 

dt dx^^^ ' ^ U(a^~T^h 2 y+m(a'+ b)^' ^ 


( 7 ) 
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The expression for ^ is negative if 


yia sin a > m{a + (8) 

In this case the reel will roll down the plane and pull the mass m 
upwards. 

430 . To show that when a body^ such as a railway carriage^ enters 
upon a curved path after travelling in a straight linCy its velocity decreases 
if no forces act on it except the pressure of the railsy assuming the body 
remains straight. 

Suppose the curved path is a portion of a circle of radius r having 
the straight path as tangent. Let v^ be the velocity on the straight 
path, V the velocity on the curved path. 

The reactions of the rails do no work on the carriage. Conse¬ 
quently the kinetic remains unaltered on entering the curve. If k is 
the radius of gyration of the carriage about the vertical axis through its 
centre of mass, and a> the angular velocity, the equivalence of the 


kinetic energies gives 

.(i) 

But clearly rco = z/ ....... (2) 

Hence from (1) and (2) z/2 q. .(3) 


or 




( 4 ) 


If the curved path is not a circle we need only replace r by the 
radius of curvature of the curve at the point where the carriage is at the 
instant considered. 

For any curves on a railway line r® is large compared with and 
consequently there is no appreciable alteration in the velocity. 

431 . By the method of Arts. 419 and 420, the principle of energy 
can easily be extended to motion in three dimensions. It can be 
proved that the kinetic energy of a body moving in any manner what¬ 
ever is equal to the work done on the body since it was at rest. 

When a nut moves along a bolt, or a bullet along the barrel of a 
rifled gun, the body has a rotation about the line along which the centre 
of gravity moves. If v is the velocity of translation along the axis, and 
o) the angular velocity, then the square of the resultant velocity of a 
particle at distance r from the axis is v^ •+• r'^oP^. Hence the total 
kinetic energy of the body is 

^2m(v^ + r2co2) = ^Mz'2 + . . . . (. 1 ) 

where I is the moment of inertia about the axis of rotation. 

If p is the pitch of the screw along which the body moves, then 
since the body moves forward a distance p while it turns through 27T 
radians 


V = 


2TT^ 


(2) 
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Hence the kinetic energy can be written 

i(M^^ + l)a>aori(M+^|:'> .... (3) 

If a nut slides down a vertical bolt under its own weight, its kinetic 
energy when it has fallen a distance assuming that friction is 
negligible, is given by 

i(M + 1)'’^ = .( 4 ) 

dx 

where v = On differentiating both sides with respect to x^ we gel 

.(s) 

which shows that the acceleration is constant and equal to 








( 6 ) 


k being the radius of gyration about the axis of rotation. 

We will w'ork one more example on motion in three dimensions, 

A solid cone is placed with a generating line in contact with a horizontal 
line on a rough inclined plane. Assuming that no sliding takes place, to 
find the angular velocity when the line of contact is a line of greatest slope. 
Let r and h be the radius of the base and the height of the cone, 
M its mass, I its moment of inertia about a generating line of the cone. 
Let 2a be the vertical angle of the cone. 

The moment of inertia of the cone about its axis is, by Art. 203, 
Ex. lb, 

.(7) 


and about an axis through its vertex perpendicular to this, its moment 
of inertia is, by Art. 207, Ex. 2, 

+ .( 8 ) 


Hence, by Art. 209, the moment of inertia I is 


I = —Mr® cos® a + ~M{h!^ + ^r®) sin® a . , , (9) 

If CO is the angular velocity required, the kinetic energy is JIco®, since 
the generator in contact with the plane is the instantaneous axis of 
rotation. 

Now as the cone rolls about on the plane keeping its vertex fixed, its 
centre of gravity describes a circle in a plane parallel to the inclined 
plane, and the radius of this circle is \h cos a. In the initial position 
the radius which passes through the centre of gravity is horizontal, and 
in the final position it makes the same angle with the horizontal as the 
inclined plane itself makes. If is the inclination of the plane, it 
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follows that the centre of gravity falls a vertical distance \h cos a sin 
The energy equation now gives 

cos2 a 4 * 4 - \r^) sin^ cos a sin j 3 (10) 

or, on substituting h tan a for r, 

sin2 a + ^ 1^2 tan2 a) sin^ a}co2 = cos a sin jS 


whence 


10 cos a sin 
sin2 a(6 + tan^ a) h 



EXAMPLES ON CHAPTER XX 

1. At a point P of a uniform circular hoop there is attached a particle 
of mass equal to that of the hoop. The hoop rolls, in a vertical plane, on a 
perfectly rough horizontal plane. Prove that, if the system starts from rest 
when P is at the highest point, the angular velocity a>, when the radius 
through P makes an angle 6 with the downward vertical, will be given by 

a 2 — cos 9 

(^London B,Sc.^ 1908.) 

2. A spherical shell, the interior radius of which is one half of the 
exterior, is filled with fluid of the same density as the shell. Show that it 
will run down a perfectly rough plane of inclination a with acceleration 

sin o (assuming the fluid does not rotate). 

{Board of Education^ Honours^ 1909*) 

3. Two rough solid cylindrical rollers of radius a and mass M are placed 

with their axes parallel and horizontal on a fixed plane inclined at an angle 
a to the horizontal. A log of mass 2M is laid across the rollers. If there 
be no slipping between either the log or plane and the rollers, find the 
acceleration with which the log moves. {London B.Sc., 1909.) 

sin a.] 

4. A rod stands In a vertical position on a rough horizontal plane ; if it 
be slightly displaced, find the reaction of the plane during the subsequent 
njotion before slipping takes place. Show that slipping must take place 
before the horizontal position is reached. 

{Board of Education^ Honours^ 1909*) 
[If / denotes the length of the rod, ct> the angular velocity at inclina¬ 
tion $ to the vertical, F the friction, and R the normal reaction 
of the plane, then 

/a,2 = 3^1 - cos 0 ), sin 6 

From these | = 3^3.cosfl - 2) 

R (i - 3 cos 9)2 

which becomes infinite when 3 cos ^ = i. The rod must slip 
before this point is reached.] 
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5. A uniform rod of length I and weight w is held at an imdination a to 

the vertical with its lower end in contact with a smooth horizontal plane, 
and is then let fall. Find its angular velocity and its pressure on the plane 
when it is inclined at B to the vertical. {London 1907 ) 

[The energy equation gives 

/ 2 — ® ““ 

^ (1+3 sin2 Q) 

By moments about the centre of mass, we arrive at the equation 

R _ 

6 sin 6 ‘^dt 

__ 44-3 cos2 6 — 6 cos a cos 6 

“(i+3sin2 0)2 
R being the required pressure.] 

6 . A uniform rod is placed nearly upright on a smooth horizontal floor 
and against a smooth vertical wall, and it slides down in a plane perpen¬ 
dicular to both the wall and the floor. Find its inclination, 0 , to the vertical 
at the instant of its leaving the wall; find also how it is moving at that 
instant, and find the pressure on the floor. 

{Board of Edneation^ Honours^ 1909.) 

[If m is the mass of the rod, I its length, the pressure on the wall is 
5w^'t^3 cos 6 — 2) sin 6 
and the pressure on the floor 

cos - i)2 

It leaves the wall when 3 cos 6 — 3, and at this instant lufl = ^.] 

7. AB is an inclined plane, BC is the horizontal plane through the lowest 
point B, and both planes are smooth. A uniform rod is placed on AB 
with one end at B, and is allowed to slide down. Find its angular velocity 
just before the upper end leaves the plane AB, assuming that this end 
remains in contact until it reaches B. 

[If / is the length of the rod, a the inclination of the plane, 

^2 = 1 

/(l -h 3 COt2 a)*J 

8 . A uniform rod AB, of weight W, lies on a smooth horizontal plane ; 
C is a fixed point vertically above B ; a thread carries a weight P, and after 
passing over C is fastened to B ; the end B can move freely in a vertical 
guide or groove coinciding with the vertical line BC. The weights of P and 
the rod are equal. If P is allowed to fall, find {a) the angular velocity of the 
rod at inclination 6 to the horizontal, {b) the direction of motion of the centre 
of gravity, (c) the reaction of the groove at the end B. 

{Board of Education^ Honours y 1908.) 

l{a) /a>2 = i W perpendicular to the line joining the centre 

of gravity to the initial position of B ; (c) |W *] 

9. A pair of equal uniform rods AB, BC, joined by a smooth hinge at B, 
lie on a smooth table. If the ends A and C are constrained to run in a 
smooth straight groove when the rods are set in motion, show that the 
angular velocity of the rods remains constant. 

10. Two equal uniform rods AB, BC, joined by a smooth hinge at B, 
lie on a smooth table with A in contact with C. Impulses are applied to the 
rods which set them rotating with the same angular velocity n in opposite 




THE ENERGY EQUATION FOR A RIGID BODY 439 


directions, but leave the hinge B for the instant at rest. Show that the 
centres of mass of the rods describe a straight line, and find the angular 
velocity of each rod when it has turned through Q. What is this angular 
velocity when the angle at the hinge is two right angles ? 

r 4«2 ^ ir 1 

^^2 = ; when » = -,« = 2«.J 

II. Suppose the rods in the last example were set in motion in the same 
way, but with two particles, each having the same mass as one of the rods, 
attached to A and C Find in this case the angular velocity of a rod when 
it has turned through and find the maximum velocity of the hinge. 

[ 32«2 ^ 10, 

^2 = * niaximum velocity of the hinge is —-—/«.J 

12. A frame, made of four equal rods joined by smooth hinges, lies on a 
smooth table. Two hinges on one diagonal are set in motion, with different 
velocities, along the diagonal on which they lie. Show that, in the sub¬ 
sequent motion, the centre of the frame moves with a constant velocity, and 
that the angular velocity of each rod remains unaltered until a pair of hinges 
come together. 

[By means of the energy equation and the equation for the motion of 
the centre of mass of the frame, show that the energy relative to 
the centre of mass is constant. Thence prove that the angular 
velocity of each rod is constant.] 

13. A homogeneous solid hemisphere is placed on a smooth horizontal 
plane with its curved surface in contact with a smooth vertical plane and its 
base parallel to that vertical plane. It is then allowed to slip down. Find 
its angular velocity when its base is horizontal, and find the horizontal 
component of the velocity with which its centre of mass will subsecjuently 
move. Also prove that the greatest angle which the base can make with 
the horizontal while sliding along the plane is cos“^ 

[When the base is horizontal 

where r is the radius, and u the required horizontal velocity. 
When the base makes its maximum angle with the horizontal, the 
only kinetic energy is that due to u.] 

14, A uniform thin tube of length /, lying on a smooth horizontal plane, 
contains a uniform rod of the same length and mass just fitting the bore oi 
the tube. The tube is set spinning with angular velocity u about the vertical 
axis through the common centre of mass when the centre of the rod is very 
slightly displaced from that of the tube. By means of the equations of 
moment of momentum and of energy find the angular velocity of the rod 
and its component velocity along the tube at the instant when it is leaving 
the tube, assuming the friction to be negligible. 

[The angular velocity is and the velocity along the tube J/«.] 

15. Prove that the moment of inertia of a cone about a generating line of 
the surface is 

3 r^ + 6r2/i2 
20* r 2 \h 2 

r being the radius of the base and h the height of the cone. 

The height of a cone is 8 inches and the radium of its base 3J inches. 
The cone is placed on a rough plane inclined at 30° to the horizontal, the 
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axis of the cone being in a position of maximum inclination above the hori* 
zontal for rolling motion on the plane. The cone is slightly disturbed from 
this position, and rolls without slipping until the axis is in the position ol 
maximum inclination below the horizontal. Find the angular velocity in 
this latter position. 

[22*1 radians per second.] 

16. A solid sphere of radius a is projected horizontally with velocity u 
troni the lowest point of the interior of a fixed rough hollow sphere of radius 
3rt. What is the least value of u which will suffice to keep the rolling sphere 
in contact with the hollow sphere at the highest point, assuming that there 
is no slipping? 

[;/2 = 

17. A rough solid cylinder rests in unstable equilibrium on the top of an 
equal horizontal cylinder, which is free to turn without friction about its axis, 
which is fixed. At first the axes are in one vertical plane, but then the 
equilibrium is slightly disturbed. Prove, firstly, that the angular velocities 
of the two cylinders are equal at any instant, however the friction varies. 
Then use the energy equation to obtain the common angular velocity when 
each has turned through an angle 6 so long as no slipping has taken place. 

[Since the angular velocities are equal and there has been no slipping, 
the same points are always in contact. If r denotes the radius 
of each, rw^ = — cos ^).] 

18. Suppose the cylinders in the last question were made of the same 
material and had the same length, but the lower one had a radius 2r while 
the upper one still had a radius r. In this case prove that the angular 
velocity of the upper cylinder would be eight times that of the lower one. 
Find the angular velocity of the lower cylinder when the plane containing 
the axes has turned through an angle 0 before slipping occurs. 

[If oj is the required angular velocity, then rw^ == — cos 0),] 

19. Inside a hollow sphere, whose inner and outer radii are 3a and 4a, is 
a solid sphere of radius 2a made of the same material. The larger sphere 
rolls without slipping down a plane inclined at an angle a to the horizontal, and 
the smaller rolls without slipping inside the larger one. If the two spheres 
are suitably started their centres will describe straight lines parallel to the 
plane with the same acceleration. Find this acceleration. 

[If V is the common velocity of the centres at any instant, the angular 

% *v \ *v 

velocities of the inner and outer spheres are ~ and - The 

^ 8 4 a 

energy equation leads to the result ifjfe’sin a for the acceleration.] 

20. A circular piece of radius \r is punched out of a disc of radius r, 
the circumference of the hole passing through the centre of the disc. The 
disc rolls down a line of greatest slope of a plane at inclination a to 
the horizontal, having started from rest with the centre of the hole in the 
same horizontal line as the centre of the disc and towards the upper side 
of the plane. Find the square of velocity of the centre of the disc when 
it has rolled through an angle 

^ sin g -b sin 9) 1 
^ ~ 37 - 2 sin (d ~ a) J 



CHAPTER XXI 


MOTION OF A RIGID BODY ABOUT A FIXED AXIS 
AND SMALL OSCILLATIONS OF A RIGID BODY 


432 , Motion about a Fixed Axis.—The problem of motion about a 
fixed axis can be solved by using the equations of motion given in Art. 
406. But if we use these equations we shall have 
to eliminate the two unknown components of the 
reaction of the axis on the body. If, however, 
these forces are not required, it is much easier to 
find the motion by the method given here. 

Let CO denote the angular velocity. Let r be 
the distance from the axis of any particle m of the 
rigid body. The momentum of this particle is wrco. 

Therefore its moment of momentum is w/^co. Now 
by Art. 348 

^^(mr^co) = moment, about fixed axis, 

of all forces acting on m . (i) 



But since r is independent of the time the left-hand side of this 
equation is 


mf 


df 




and is the same for every particle of the body. 

By summing both sides of such equations as (i) for every particle 
of the body, we get 


— Umr^ = sum of moments about the axis of all the 
forces acting on the particles . . . 


(3) 


Now the right-hand side of (i) contains the moments of the actions 
on m of the neighbouring particles. But the terms corresponding to 
these mutual actions will destroy each other in the sum because action 
and reaction occur in the sum, and these have equal but opposite 
moments about any point. Consequently the right-hand side of (3) is 
merely the moment about the fixed axis of the external forces on the 
rigid body. 
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Now if AG = and k is the radius of gyration of the body about 
the axis through the centre of mass G parallel to the fixed axis, then 


= M/t2 4. M//2. (4) 

by Art. 205. 

Hence equation (3) becomes 

= N.(S) 


where N denotes the moment of the external forces about the fixed 
axis, this moment being considered positive when it increases co. 

If a plane fixed in the body and containing the axis, say the plane 
through G, makes an angle Q with a plane fixed in space and also 
containing the axis, then 



dB 

day 

dixy 

... (6) 



dt ~ 

^dB- • • 

and therefore 


N . . . 

... (7) 

becomes 

Vi(k^ + = 

N . . . 

... (8) 


Equation (3) above has exactly the same form as equation (3) of 
Art. 406, since Emr^ is the moment of inertia about the fixed axis. In 
this case, however, moments are taken about a fixed axis, whereas in 
Art. 406 moments were taken about an axis through the centre of 
mass. 

433. Motion of a Rigid Body under Gravity about a Fixed 
Horizontal Axis. —Let A be the fixed axis, G the centre Of gravity, 0 
the angle which AG makes with the vertical as shown in Fig. 188. 
Let AG = h. The only force which has a moment about A is the 
weight Hence the equation of motion is 


or 


h ‘ dfi~ 


— Mgh sin d 
—g sin B . 


(^) 


Now the equation of motion of a particle at the end of a string of 
length / is, by Art. 330, 



—^sin d 


• . (3) 


Equations (2) and (3) will be identical if 


h 


(4) 


Consequently, if B and body and the 

string of length I given by (4), then since their angular accelerations are 
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always equal, they will always move in unison* If one of them is 
making small oscillations in a period r, the other will be making small 
oscillations in the same period; if one is making complete revolutions 
the other will be making complete revolutions; also AG and the 
pendulum-string will alv\ays make the same angle with the vertical. 

Since the period of a small oscillation of a simple pendulum is 
approximately 




(s) 


it follows that the period of a small oscillation of the rigid body will 
be approximately 






( 6 ) 


It should be borne in’ mind that, although these expressions for the 
periods of oscillation are only approximate the error is the same in 
both if the angular amplitudes are the same. Even for large amplitudes, 
when the preceding expressions are considerably in error, the actual 
periods of oscillation are the same for the same amplitudes. 

. doi . dW . . • / \ 

Writing w for and integrating (2), we get 

4- /z2 

—co2=^cosfl + C.(7) 

This could have been written down immediately from the energy 
princijile. 

Suppose cu = cuq when d = o. Then 




/^2 4-/^2 


KOq 


2 = 


^ + C 


Therefore, by subtracting this from (7) 

^’2 4- 7/2 

i J —~ - cos 0 ) 

In the highest position, when 0 = tt, 


CJ 


2 = CUo2 


44 ^ 

/'2 4 


( 3 ) 


(9) 


(10) 


If this expression for a>2 is negative the interpretation is that the 
body cannot reach the highest position. Consequently, the condition 
that the body should make complete revolutions is that 


0)0^ > 




The component actions of the axis on the body along and perpendicular 
to GA can be found by the method of Art. 417. 

434 . Compound Pendulum.—A rigid body mounted on a horizontal 
axis and making small oscillations under gravity is called a compound 
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pendulum. It was shown in the last article that it oscillates in the same 
time as a simple pendulum of length /, where 


/ = 


^4-j^ 

h 


(i) 


The length / is called the length of the simple equivalent pcndulutn, 
A better name would be the length of the equivalent simple pendulum^ but 
the other name has become established. 

Since k is the radius of gyration about the axis through the centre 
of mass parallel to the fixed axis, it follows that k is the same for all 
axes which have the same direction in the body. Consequently, I is 
the same for all axes lying on the surface of a cylinder having a line 
through the centre of mass as axis of symmetry. That 
is, if the body be allowed to oscillate in turn about a 
number of parallel axes in the body the time of oscillation 
will be the same about all the axes at the same distance 
from the centre of mass. 

436. Centres of Suspension and Oscillation. —If, in 
a compound pendulum, the perpendicular GA on the axis 
of suspension be produced backwards to B so that 

Fig. 189. AB = /= — . . . . (i) 



then A and B are called the centres of suspension and oscillation 
respectively. 

Now suppose I is given as well as and we want to find h. 
From (i) 

h^^hl^-B^^o .(2) 

This equation shows that there are two values of h for which the 
time of oscillation is the same. Let h^ and ^2 these values. Then 

hi h^ = I .(3) 

//i^2 = . .... (4) 

If AG is hi then BG is //£, as equations (3) and (i) show. The 
length of BG, from (4), is 



From the symmetry of the relations (3) and (4), it follows that the 
centres of suspension and oscillation are interchangeable. If the body 
were suspended from an axis through B parallel to the one through A, 
the body would therefore oscillate in the .same time. 

The centre of oscillation of a compound pendulum will have exactly 
the same motion as the bob of the equivalent simple pendulum pro¬ 
vided they are both started in the same way. 

For different axes of suspension parallel to a given axis through the 
centre of mass there is a minimum value of /, and therefore a minimum 
value of the period of oscillation. I’his minimum value of / is found 
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by varying A in (i) and keeping k constant. We may use the calculus 
to get the minimum or the following algebraical method :— 

//&2 \2 /^2 \2 
=(7^+'^) • • • • 


/2 ; 


For variations in F obviously has its least value when k ~ ky for 
then the variable part of F has its least value, which is zero. Hence the 
minimum value of / is 2k. When / has this value hi and h^ are equal. 

436. The Method of finding^ by a Pendulum.— A very'fair value of 
g can be obtained by observations on a pendulum formed by a heavy 
metal bob with a diameter of about half an inch at the end of a piece 
of thread about four feet long. This may be regarded aa. a simple 
])endulum. But it is not a theoretical simple pendulum, for all its mass 
is not concentrated at one point. The ideal simple pendulum is not 
realisable, and even in the best approach to it the mass of the string is 
not zero, and we do not know exactly where the centre of mass of the 
bob is. To avoid all these difficulties when an accurate value of ^is 
wanted, it is found best to use a heavy rigid body as a pendulum and 
find two points A and B on opposite sides of the centre of gravity (and 
such that AG and BG are not equal) about each of which the body 
makes a complete oscillation in the same given period of time—usually 
about two seconds. Then the distance AB is measured and the value 
of g is given by the equation 

.(j) 


or 


4^2. ab 
g- - 2 ■ 


(2) 


This was the method used by Captain Kater about 1818 to determine g 
at London and other places in England. 

437. Time of Oscillation of Certain Bodies. 

Example i. —Assuming that a sphere at the end of a string oscillates 
as if it were rigidly attached to the axisy to find the time of oscillation. 

Let a be the radius of the sphere and h the distance from the point 
of suspension to the centre of the sphere. Then the length of the 
equivalent simple pendulum is 

Y + /I (i) 


The time of oscillation is therefore 



nearly, provided a is small compared with //. 
Suppose ^ = 50 inches, ^ ^ inch. Then 



5 


I 

X 10 



• . (2) 


• • (3) 
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The error in regarding the system as a simple pendulum is thus only 

—-—i of the whole time of oscillation. 

5 X lo^ 

Example 2. —Time of oscillation of a solid cylindrical rod of length b 
and radius r about an axis peifendicular to its axis of symmetry and 
at a distance c from its centre of mass. 

The moment of inertia about the axis through the centre of mass 
parallel to the fixed axis is, by Art. 207, Ex. i, 


V12 4/ 


Tie length of the equivalent simple pendulum is, therefore, 

The time of oscillation is thus 


12c 


(4) 


(5) 


r 





bffr 3 ^ 
12c 




( 6 ) 


The minimum time of oscillation for all axes parallel to the given 
axis is 


r 



b^ 4 - 3 ^^ 
3 ^ 


( 7 ) 


since the minimum value of I is 2k. 

For a thin rod r may usually be neglected. 

The minimum time of oscillation of a yard-stick whose diameter is 
half an inch is 


T 



9 + 


482 


3x3222 


=5 1-45730 secs. 


• ( 8 ) 


If r be neglected this result will be diminished by only 5 in the last 
place. 

Example 3. —A thin uniform rod of length b is suspended by two light 

strings each of length b, which join the ends to the same fixed point. 
4 


To find the periods of oscillation of the rod in the plane containing the 
strings and perpendicular to this plane. 

The distance of the point of suspension from the centre of mass of 
the rod is \b. For motion in the plane of the strings the axis is per¬ 
pendicular to the rod, and consequently The length of the 

equivalent simple pendulum is, therefore, 
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The time of oscillation is 


= 2'ns/ 

V I 2 <r 


(^) 


When the rod swings perpendicular to the plane of the strings, since 
the thickness is negligible, o because the axis for k is along the 
rod. In this case, therefore, 

.(3) 


and 


= 27Ta / 

V ACT 


438. Axes in a Rigid Body which may be regarded as Fixed Axes 
in taking Moments. 

If a> is the angular velocity of a rigid body, I the moment of 
inertia about any axis of the body perpendicular to the plane of motion, 
N the moment of the forces about the same axis, we have already found 
that an equation of the form 




<■) 


is true in two cases, namely, when the axis is fixed in space, and when 
the axis passes through the centre of 
mass. We shall now examine whether 
this equation is true for any other axes 
in the body. 

Let OX and OY be a pair of axes 
fixed in space in a plane parallel to the 
motion. Let C represent an axis fixed 
in the body and perpendicular to the 
plane XOY. Let P be the position of 
any particle m of the body. Let the 
co-ordinates of C be rj^ and let CP = r. 

Then the co-ordinates of P are 


X = ^ + r cos 6 
y = 7^ -\-r sin 6 


j (2) 



Fig. 190. 


We shall write a and for the accelerations of C parallel to the 
fixed axes. That is 


dfi’ P ~'dfi 


(3) 


If N is the moment about O of the external forces on the body we 
know that 


„ / d^x\ 

^dfi)~ ^ 


(4) 


for this equation is obtained by summing such equations as (7) of 
Art. 348 for every particle. 
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Now 


^dfi = ^ V ~ *' + Tfi) 

= (^ + r cos 6 )^r cos ~ r sin 0 . cd^ + . 


■ ( 5 ) 
• ( 6 ) 


Now the origin O may be taken at any fixed point we choose. Lei 
it be taken, then, at the instantaneous position of C. In this case 

$ = o,r} = o .(7) 

Therefore, since a and P remain unaffected. 


d^v dco 

cos2 d~- — sin 0 cos 6 . co^ r cos 6 . P . (8) 


Similarly 


d^x o . 

y~^ = — r2 sin2 0 - — r2 sin 0 cos ^ ^ sin 0 . a (9) 


Hence 


X 


d^y d^x 


dm 


^ cos 0 ^ - r sin d . a . . (lo) 


Thus equation (4) becomes 

-f r cos ^ . j8 — r sin 0 = N . . . (t i) 

or, if I denotes the moment of inertia about C, 

+ pSmr cos 0 — aUmr sin 0 = N • • . (12) 


This equation will be of the same form as (i) provided 

pEmr cos 0aIJmr sm0 = o .... (13) 

Let X and y be the co-ordinates of the centre of mass referred to 
the axes through C. Then 

Emr cos 0 = 3 rM. . (14) 

Smrsm 0 =:yM .( 15 ) 


The condition (13) can therefore be written 


Px ay = o 


(16) 


If C is itself the centre of mass of the body then x and y are each 
zero, and therefore equation (i) ts true. This verifies our previous 
work. 

In general, if 


OL _ X 

T 


(17) 


equation (i) is true for the axis through C. Now if (17) is true, the 
acceleration of C is in the line joining C to the centre of mass. It 
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follows, then, that we may take moments about any point moving with a 
rigid body as if it were a fixed point, provided the acceleration of this 
point is along the line joining it to the centre of mass. 

439. The point of contact of a solid of revolution, such as a 
sphere or cylinder, rolling without slipping on a fixed surface, may 
be regarded as a fixed point in taking moments. 

To prove this it is only necessary to show that the acceleration of 
this point of contact is along the line joining it to the centre of mass. 

Let a> be the angular velocity and a the radius of the solid. The 
point of contact is the instantaneous centre of rotation, and therefore 
the velocity of the centre of mass is atsi. The component acceleration 
of the centre of mass in its direction of motion is thus 


It has another component perpendicular to this whose magnitude 
we do not need. 

Now the acceleration of the instantaneous centre is its acceleration 
relative to G together with the acceleration of G. But relative to G 
the body is rotating with an angular velocity co. Consequently the 
instantaneous centre has a relative acceleration 


dix} 


dt 


(*) 


in the direction opposite to (i), and aoy^ perpendicular to this. Hence 
the true acceleration of the instantaneous centre has no component 
perpendicular to the line joining it to (i. 

Its resultant acceleration is therefore along 
this line. Thus the theorem is proved. 

440. A sphere rolls on the outer surface 
of a rough fixed sphere. If the rolling sphere 
started from the highest position with a very 
small velocityto find the subsequent motion. 

Let a and b denote the radii of the 
rolling and fixed spheres. A is the highest 
point of the fixed sphere, B the point of 
the rolling sphere which was originally in 
contact with A; C is the instantaneous 
centre of rotation of the rolling sphere. 

Let a> be the angular velocity of the rolling 
sphere. By the last article we may take 
moments about C as long as there is no slipping. If M denotes the 
mass and k the radius of gyration about an axis through G, we get, on 
taking moments, 

M{a2 4- sin Q ... 



b$ ^ 


Now 


. .(I) 

• (2) 
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Hence the angle turned through by the rolling body is 

e + 4> = e(x+^^ .(3) 

, r / ^ 

Therefore ==( i -f ~ - ^ . . 


. . (4) 


Equations (i) and (4) give 


(i + sin 0 .... (5) 


Now, since 


dfi I'dB^dtJS 


( 6 ) 


we find on integrating (5) with respect to 6^ 

cos 0 + C . . (7) 

Now the velocity at the highest position is supposed to be small 
enough to be negligible. We are supposing the body to have been 
disturbed from the position of unstable equilibrium. Taking the 
velocity to be zero when 6 was zero, (7) gives 


o = - ,7^ -f C 


Subtracting this from (7) 

i(’‘ cos 0 ) 


Hence — = 7— 

dt V (77 4- b){a^ 

. Q 

= 2n sin - • . 

2 


(S) 


where 


n = asj 7 


(« -f b\a-^ + X-2) 

for a sphere, since 


Therefore 

Hence 

cr 




dt ^ 
2 sin 


. 17 

== ag. 2 sin2- , 

. 6 

... (9) 

• ••••• 

. . . (10) 

-j</ ^ 

. . . (ri) 

) V 7(a + b) 

1 0 

- sec^ - 

:_ 4 4 

. . . (12) 

& 0 

COS - tan - 

4 4 

, e 

log tan - . . 

4 

• • • (13) 

• • • • 

. . . (14) 
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If we attempt to make 6 zero when / is zero, we shall find that A is 
zero. This is a consequence of assuming the velocity zero at the 
highest position. It tells us, in fact, that a body cannot leave a 
position of equilibrium, even if it is unstable, unless it has some 
velocity. Yet although the body could not have acquired the velocity 
given by equation (10) by falling from the highest position, it could 
nevertheless be started from any other position with the velocity which 
it would have in that position according to our equations. Then our 
results would be absolutely correct for the subsequent motion. Suppose 
that / = o when 0 = a. Then adjusting the constant in (14) to give 
this condition we find 


0 , a 

tan - tan - 
4 4 


(* 5 ) 


If R and F are the normal force and the friction acting on the 
rolling body, we find, on resolving along and perpendicular to OG for 
the motion of the centre of mass, 

( ///? \2 


= cos e - - cos U) 

= ^2 ^ • • • • 

dW 

and F = sin 0 - M(a + 

^2 

= sin e .. (17) 


If there is no possibility of slipping, the rolling sphere will leave the 
fixed one at the point where R becomes zero, that is, where 


cos 0 


2a^ 


2a^ 




( 18 ) 


But if there is no arrangement to prevent slipping, the moving sphere 

F . 

will begin to slide at the point where ^ is equal to the coefficient of 
friction. Suppose fju = o'4. Then slipping will occur where 

(o*4)(^rt2 cos 0 — 2^2) = sin 0 


or 17 cos 0 — 10 = 5 sin ^.(ig) 

The solution of this is cos ^ = 07743.(20) 


On comparing this with the result of (18) it is evident that slipping 
begins before the point given by ( 18 ). In the second case the sphere 
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rolls as far as the point given by (20), then rolls and slides some distance 
further and finally leaves the fixed sphere. When sliding occurs there 
is less friction than there would be for pure rolling. Consequently the 
centre of mass will move a little faster than in the case of rolling 
without sliding, and therefore the rolling sphere will leave the fixed 
sphere somewhere between the points given by (18) and (20) and very 
much nearer the former position. The values of B given by (t 8) and 
(20) are 53° 58' and 3f/ 16'. 

The point of separation can be found with as much accuracy as we 
desire by solving the equations of motion of the centre of mass with 
the condition that F = /xR from the point at which slipping begins. 
But as the work is laborious we shall omit it. 


It should be noticed that all the equations as far as (18) are true 
only while there is no slipping. 

441. Small Oscillations with One Degree of Freedom. —If a body 
is slightly displaced from a position of stable equilibrium, the forces 
brought into play are such as will bring it back to the equilibrium 
position. But if no frictional resistances act, the body will not be at 
rest when it arrives in the equilibrium position. The restoring forces 
will have done work on the body, and this work will appear as kinetic 
energy in the body. The body will therefore have a velocity which 
will carry it beyond the equilibrium position till the restoring forces 
(which always act towards the equilibrium position) have brought it to 
rest again. Then the body will fall back through the equilibrium 
position to its original starting-point, and so on for ever. Thus if no 
energy is destroyed by frictional forces, nor carried away by such 
things as air-waves, a body will oscillate about a position of stable 
equilibrium for ever. 

If the body has only one degree of freedom, or if the motion is 
started in such a way that one co-ordinate fixes its position at any 
instant, the equations of motion will, in nearly every case, lead to an 
equation of the form 


where is a co-ordinate which fixes the position of the body. This is 
exactly the same type of equation as we have already had for small 
oscillations of a particle as well as for the compound pendulum. 

442. A small body is suspended by a straight cylindrical wire with its 
centre of mass in the axis of the wire. The body is turned through an 
angle j 3 about the axis of the wire and then let go ; to find the motion and 
the time of a small oscillation. 

Let B be the angle through which the body is turned from the 
equilibrium position at any instant, c^ the couple exerted by the wire 
when its lower end is turned through B. Let I be the moment of 
inertia of the body about the axis of the wire. 

The equation for the rotational motion is 
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The solution of this is 

0 = A sin 4 - B cos .... 
V A V A 

From the way in which the body was started 

dS 


dt ^ > when / = o 


The first of these conditions gives 

A = o 

and the second gives 

B = ^ 


Hence 6 = ^ cos -y / 

V A 

The period of a complete oscillation is 


453 

. 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 


If a is the radius and / the length of the wire, it is shown in Art. 224 
that the couple required to twist the wire through 9 radians is 

, foot-lbs. = —^ 

2/ 2/ 


foot-lbs. = 6 foot-poundals ... (8) 


II 

\ 

• (9) 

0 Stt/I 

• (10) 

t2 = - . . 

nga^ 

Stt/I „ 

• (ri) 

n = ^4”2 square foot . 


Hence 


From (7) and (9) we get r2 = 


Whence 


This gives the modulus of rigidity of the 
material of the wire, since all the quantities in 
the expression for n can be measured or observed. 

443 . A circular hoop of radius a and mass M 
hangs from a ceiling by three strings each of length 1. 
The hoop is hviited through a small angle p about 
its axis and then let go; to find the motion and 
period of oscillation. 

Let 9 be the angle which the strings make 
with the vertical t seconds after the start. Let 
<f> be the angle through which the hoop is dis¬ 
placed from the equilibrium position. T is the 
tension in one of the strings, S the sum of the 
three tensions. If the three points at which 
the strings are attached to the hoop lie at the 
corners of an equilateral triangle, T is one-third 
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of S, but in other cases this will not be true. The vertical displace¬ 
ment z of the centre of mass is 

^2 

^ =/(i - cos 0) = nearly.(i) 

and since B is always small, this is a small quantity compared with B, 
The horizontal displacement of any particle of the hoop is nearly 
proportional to the first power of and is consequently much greater 
than the vertical displacement. We may therefore neglect the vertical 
motion altogether. 

Then resolving vertically 

= S cos ^ ~ .(2) 


that is, o = S — nearly.(3) 

Now the horizontal forces cause the horizontal motion. The only 
horizontal forces are the horizontal components of the tensions. The 
horizontal component of the tension T is T sin 0 , and it acts along a 
small chord of the hoop. Its moment about the axis of the hoop is 
therefore nearly dY sin 0 , or, since B is small, dXB. The sum of the 
moments of the horizontal components of the tensions is thus aW. 
Hence the equation for rotational motion is 

... , (4) 


Now it is clear from the figure that 

a(f> = /$ nearly . 

Consequently (4) becomes 

Tv/r n 


Whence 






/ 


B 


== —for a hoop 


• ( 5 ) 
. ( 6 ) 


• ( 7 ) 


This is exactly the same type of equation as for the motion of a 
simple pendulum of length /. The solution is 


0 = A cos + B sin \/^t 


And by the initial conditions, namely, that 


dt ° 


when / = o 


we get 


B 


= y cos 


• • • 


( 8 ) 


19) 
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The period of a small oscillation is 



A 


• (lo) 


All the work of this article as far as equation (6) will apply equally 
well to any other body having its centre of mass in the vertical line 
through the centre of the circle which passes through the lower ends of 
the three strings. We need only substitute the proper value of I in 
equation (6), and then the rest of the work is similar. Thus for 
a uniform circular disc, the points of support being on the edge of 
the disc, 

I = ^ 

/7 . (ii) 

T = 27r\/ — I ' ' 




If k is the radius of gyration of a body in the general 

k /I 

T = 27rW - = 27r a / -. (l2) 

444. Rocking Bodies. 

One body rests in equilibrium on the highest point of another body. 
The upper body is then rolled slightly from the equilibrium position. 
Asstiming that the vertical sections of 
the Huo bodies containing all the points 
of contact arc circlesto find the subse¬ 
quent rolling motion as long as the 
displacement is small. 

G is the centre of mass, and O 
the centra of the circular section of 
the rolling body; A is the highest 
point of the fixed body, B the point 
of the rolling body which was in 
contact with A in the equilibrium 
position; P is the point of contact 
when the rolling body has turned 
through B from the equilibrium posi¬ 
tion ; C is the centre of the section 
of the fixed body. 

Let BG = >^, BO = r, AC = R. 

When the vertical through G is between A arid P, the perpendicular 
from P on this vertical is 



GO sin B — PO sin (f) = (r—h) sin B -- r sin cf> . . (i) 

Hence the moment about P of the weight in the direction turning the 
body back towards the equilibrium position is 

M^{(r — h) sin 0 — r sin , 


• . (2) 
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Now on account of rolling 

arc AP = arc BP, 

that is, K<l> = nft ^ r(d — (3) 

Therefore <f> = 6 .( 4 ) 

R -P r ' ' 

Taking moments about P for the motion, we get 

d^d 

sin ^ - r sin . (5) 

where k is the radius of gyration of the rolling body about its centre 
of mass. 

Now as long as the angles B and ^ are small we may replace the 
sines by the angles. Then the coefficient of -* (s) becomes 

(r - h)d -r<i) = (r- A)d - ^0 

-(rT-.-'‘>. 

The equation of motion (5) now becomes, for small displacements, 

This takes the well-known form 


dt^ ^ • 

. . . . (8) 

provided > h 

R + ^ 

that is, provided 7 > — -f - . . . . . 

// R r 

• • • • (9) 

The solution of (8) is 0 = A sin (<:/ -}- j8) . . . . 

and the period of oscillation is 

. . . . (10) 

27 r 

r = --.. 

c 

. . . . (ii) 

‘ ^2(r + r “ ■ ■ 

. . . (la) 

+ J . 

• • • {13) 

then the equation of motion (7) takes the form 


= .... . 

> • • • (14) 

the solution of which is, by Art. 337, 


e s= C«»‘ + D«-»» . . . , 

. . . . (is) 
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In the general case, when C is not zero, 6 becomes large after a 
short time, and when this happens our approximate equation is no 
longer of any use. 

When the condition (9) holds, the body will oscillate about the 
equilibrium position. In this case, therefore, the equilibrium is clearly 
stable. But when the condition (13) is true, the body will leave the 
equilibrium position if it is slightly disturbed, and therefore the equi¬ 
librium is unstable. 

It will be easily seen, by drawing other figures and following out 
the argument again, that if the concavity of either the moving or the 
fixed body is on the opposite side from that on which we have taken 
it, then the sign of the corresponding radius must be reversed. Also 
if either body is plane in the neighbourhood of the point of contact, 
the corresponding radius must be taken as infinite. 

If the sections of the bodies in the plane of motion are not circles, 
It is only necessary to replace r and R by the radii of curvature of the 
sections. The errors due to taking the circles of curvature of the 
sections instead of the true curves will be small quantities of higher 
orders than those appearing in our equations, and will therefore be 
negligible. 

445 . We will apply the results of the last article to a few examples 
of rocking bodies. 

Example i. —A homogeneous solid hemisphere on a plane with its flat 
side uppermost. 

If r is the radius of the hemisphere, 

A = R = oo, >i2 = _ (2,.)2, 

42 + ^2 = _ (a,.)2 + ( 5,.)2 = 1.^2, 

Rr _ r _ 

R+f“ r~^ 

I +« 


The equation of motion is thus 




13^2 


^ ® 26 r 


(I) 


Hence the time of a small oscillation is 


r 



(2) 


Example 2 .—A homogeneous solid sphere of radius b inside a fixed 
hollow sphere of radius a. 

Here h^h^ ^ R = — r = Hence the equation of 
motion is 


d^d 

dt^ 



1 a — 0 


(3) 
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Therefore r = 2 -n>\J —^.(4) 

This sphere oscillates in the same time as a pendulum of length \{a — b). 
Example 3 .—A plank of length 1 and of negligible thickness on a 
cylinder of radius a. The length of the plank is perpendicular to the 
cylinder. 

Here ^ = o, k^ = r = 00, R = <7. 

Rr __ 

+ I 


The equation of motion is therefore 


dt^ 




Hence the time of oscillation is 


(5) 


r 



ttI^ 


. . ( 6 ) 


Example 4, —A rigid body is formed by attaching two equal solid 
cylinders together by light rods clamped to their ends. The length and 
radius of each cylinder are 1 and a respectively. The axes are parallel and 
at a distance 4a apafi. The rigid body thus formed is in equilibrium with 
the upper cylinder in contact with the highest point of a sphere of radius a. 
If a slight rolling disturbance perpendicular to the plane of the axes is 
given to the cylinders.^ to find the time of oscillation. 

In this case h is negative, because the centre of mass of the cylinders 
is below the point of support. Thus 


^ = —ayr^a.R^a, 


We have yet to find the moment of inertia of the pair of cylinders 
about the generating line of the upper cylinder, which is in contact with 
the sphere in the equilibrium position. 

Let be the mass of each cylinder. The moment of inertia 
of the upper cylinder about the generator referred to is 

iM . + ^2) = |Ma2.(7) 

The moment of inertia of the other cylinder about this same line, 
which is at a distance 3a from its axis, is 

iM{if72 + (3^)2}==i9M^2 „ (8) 

Thus the whole moment of inertia is 


|M^2 4. = n . 

The equation of motion for small oscillations is therefore 


(9) 


* dt^ 




dW 3 ^ 
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Hence the time for a small oscillation is 

/\ia 

T = 27rA/ . 


459 


(II) 


446 . We will now work out one of two examples of oscillations of 
different types from the preceding ones. 

KxAMPLE. —A vessel resting on a horizontal table has a base which is 
part of a sphere of radius a, and the interior of the vessel is part of a eon- 
centric sphere of radius b. The mass of the vessel is M, and it contains a 
mass m of liquid. If the centre of mass of the vessel is at a distance h 
below the centre of the spheres^ to find the time of a small rolling oscillation 
when the vessel is slightly disturbed^ nefiecF 
ing the friction between the liquid and the 
vessel. 

We shall deduce the equation of 
motion from the energy equation. This 
is often the easiest way of arriving at the 
eejuation of motion when dealing with a 
body composed of several parts which 
can move relatively to one another. 

Let r be the moment of inertia of 
the body about a tangent line through 
A. Then since P is very near A, the moment of inertia of the body 
about the instantaneous axis through P differs very little from T. 
Consequently, if d is the angle through which the vessel has been dis¬ 
placed from the equilibrium position, the kinetic energy of the vessel 
(ddf^ 

alone is . 

Now, since there is assumed to be no friction between the liquid 
and the vessel, the liquid cannot acquire any rotation. Neglecting the 
slight vertical motion due to the change of slope of the surface, its dis- 

{dB^ 

placement at any instant is aO. Hence its kinetic energy is ^ma^y ^ j • 

The work done on the system from the equilibrium position is just 
the work done by the weight of the vessel, namely, — — cos 0), 

Thus the energy equation is 

. . o/ ‘^6 \2 _ _ cos 0) + C . . (l) 





The constant C is the kinetic energy in the equilibrium position. 
Differentiating both sides of (i) with respect to B, 
dW 

(r + ~ ^ 

= — B nearly for small oscillations 
Thus the period of a small oscillation is 

/V + 


(2) 
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447 . A body with a spherical base makes small oscillations on a per¬ 
fectly smooth horizontal plane. The centre of mass is at a distance h 

below the centi'e of the sphere of which the 
base forms a part. To find the period of 
the oscillations. 

Since there is no friction there is no 
horizontal acceleration of the centre of 
mass G. 

Assuming, then, that G had no hori¬ 
zontal velocity at the beginning of the 
motion, it will never have any afterwards. 
Thus G remains in the same vertical line 
throughout the motion. 

The vertical distance of G below 
the horizontal plane through O is cos B. Hence the velocity of G 
downwards is 

cos B) = —// sin ^ ^.(i) 

If k is the radius of gyration of the body about the axis through G 
perpendicular to th e plane of motion, the kinetic energy of the body is 

. . . . 



(2) 


Since B is always small, the second term in the kinetic energy, which 
contains the factor sin^ B^ is very small compared with the first term. 
We may therefore neglect this term without much error. Then the 
energy equation is 

v2 






+ ^gh cos 0 4- C 


Differentiating both sides with respect to 

> 2/3 

sin B 

1 

nearly 


Therefore 

This denotes an oscillation whose period is 


27 Tk 

»Jgh 


(3) 

(4) 

( 5 ) 

( 6 ) 




The length of the equivalent simple pendulum is ^ • 

For a solid hemisphere h = fr. Also the square of the radius of 
gyration about a diameter of the base is the same as for a sphere, 
namely, Hence, since k is the radius of gyration about a parallel 
axis through the centre of mass, 

= .( 7 ) 
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Consequently r = 27 r\/ — — - . - = 27 t \/-, . . (8) 

The theory of this article can be applied to a body with any form of 
rounded base. In the general case O will be the centre of curvature of 
that section of the body parallel to the motion that passes through A. 
For different planes of motion this section will be different for most 
bodies. 

An exactly similar method can be used to investigate the rolling 
oscillations of a ship, provided O be taken at the metacentre. 


EXAMPLES ON CHAPTER XXI 


I. A body turns round a fixed axis under the action of any forces ; find 
the angular acceleration. 

ABC is a uniform rod bent at right angles at B, and AB is equal to BC ; 
it can turn freely round a horizontal axis through A parallel to BC ; it is 
allowed to swing backwards and forwards ; find the angular acceleration and 
the angular velocity in any position. 

{Board of Education^ Honom s^ 1897.) 

[If / is the length of AB, a the greatest inclination of AB to the vertical, 
m its angular velocity when its inclination is d, then 


d^d 9 ^ . n 


and 


u2 = ?.’|(cos 6 - cos a).J 


2. A uniform rod of length 2a is swinging as a pendulum about one of its 
ends, its greatest angular deviation from the downward vertical being At 
an instant when the rod is vertical its fixed end is suddenly released ; find 
how far the centre of the rod descends before the rod is again vertical. 

{London B.Sc,, 1908.) 

[3(1 - cos;8)-] 


3. The centre of mass of a bicycle wheel is in its axis. When a small 

valve of mass m is fixed to the rim at distance h from the axis, and the axis 
is held horizontal, the wheel oscillates in the same period as a simple pendu¬ 
lum of length /. What is the moment of inertia of the wheel (apart from the 
valve) about the axis? {London B,Sc.^ 1911.) 

- h),'\ 

4. Find the period of small oscillations of a pair of equal uniform rods, 
AB, BC, rigidly connected to form a right angle at B, when they oscillate 
about a horizontal axis through A perpendicular to the plane of the rods. 



where / denotes the length of each rod.J 
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5. A right circular cone can oscillate about a horizontal axis passing 
through the vertex and perpendicular to the axis of the cone. Find the 
length of the equivalent simple pendulum ; and, if it be let fall from the 
position in which its axis is horizontal, show that the square of the angular 
velocity at the lowest point is 

4;/2 + 


where h is the height and r the radius of the base. 

{Board of Education^ Staj^e ///., 1906.) 


j^The length of the equivalent simple pendulum is \(^Ah 


+ 



6. If at equal intervals, there are fixed n equal particles on a straight 
rigid wire AB, whose mass is negligible (there being no particle at A), and a 
pendulum is made by suspending the system from A, prove that it will oscillate 
m the same time as a simple pendulum of length \{2n + i)^. 

Is this true if the wire is replaced by a flexible thread ? 

{^London B.So., 1907.) 

[The result will not be the same for a flexible thread.] 

7. A plane is at right angles to the axis of a cylinder at the middle point; 
let a line be drawn in the plane to touch the cylinder. Find the moment of 
inertia of the cylinder about this line. 

Let the cylinder oscillate about the line as axis. Consider the two cases : 
(i) \vhen the length, /, is very great, (ii) when it is small, in comparison with 
the radius, r. vShow that the time of a smajl_ oscillation in the former case 
is to the time in the latter case as / is to r/v^ 15 very nearly. 

{Board of Educatiofi^ Stage IIL) 
[The required moment of inertia is ^^M(i5r2 4- /2).] 

8. A heavy isosceles right-angled triangle hangs from its vertex ; deter¬ 
mine the time of a small oscillation about an axis in its plane parallel to its 
hypotenuse. 

What would be the result if the axis of rotation were at right angles to 
its plane ? {Board of Edtication^ Stage IlL^ 1909.) 

j^The periods are where / denotes the 

length of the hypotenuse.] 

9. A uniform rod, AB, can turn freely in a vertical plane round a point O 
of its length ,* find the time of a small oscillation. If O is at first at A, and 
is gradually shifted down to the mid-point, show that the time of a small 
oscillation will first decrease and afterwards increase. Also find the position 
of O for which the time of a small oscillation is least. 

(Board of Education^ ^905.) 

[If/ is the length, the period is a minimum when O is at a distance 
from the centre.J 

10. Show that the centre of oscillation of a uniform lamina, in the fornr 
of a quadrant of a circle, for oscillations about an axis through the centre ol 
the circle perpendicular to its plane, is at a distance 0-833 the radius from 
the centre. 
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ri. A uniform solid rectangular parallelepiped has its edges 6, 9, and 12 
inches long ; what is the least time in which it can oscillate about a hori¬ 
zontal axis, and where must the axis be fixed in the body? 

{London B.Sc.^ 1904.) 

[The least moment of inertia for axes tlirou^di tlie centre is the smallest 
of the principal moments of inertia, which is the one parallel to the 
longest edges. The axis about which the period is least is parallel 
to this and at distance aJ foot from the centre. The period is 
0799 second.] 

12. The hinges of agate are so constructed that when the gate is opened 
outwards or inwards through the angle 0 it is at the same time lifted bodily 
through /td^. Obtain in any manner the period of the small oscillations of 
the gate about its position of stable equilibrium. 

[London B.Sc., Honotirs^ 1907*) 


If^ is the radius of gyration about the hinges, the period is 


2 irk 1 

'2gh J 


13. A uniform square board is suspended fiom a ceiling by four vertical 
strings, each of length /, attached to its corners. If the board is set oscillat¬ 
ing about the vertical axis through its centre, prove that its period is the same 
as that of a simple pendulum of length \L 

14. A rigid equilateral triangle is formed of three equal uniform rods. 
The triangle is suspended from a ceiling by three vertical strings, each of 
length /, joined to the mid-points of the rods. If the body is set oscillating 
about the vertical axis through its centre, prove that the length of the equiva¬ 
lent simple pendulum is 2/. 

If the triangle were a uniform plate instead of three rods, prove that the 
length of the equivalent simple pendulum would be /. 

15. Find the moment of inertia of a solid semi-cylinder of radius r about 
the generating line which is furthest from the plane face containing the axis. 
What is the length of the equivalent simple pendulum for the small oscilla¬ 
tions of the semi-cylinder on a rough horizontal plane ? 


j^The moment of inertia is M? 2 ^“ — and the length of the equiva- 


97T — 16 

lent simple pendulum is- - — r. 


] 


16. A solid hemisphere, of radius ^7, stands in stable equilibrium with its 
curved surface in contact with the lowest point of the interior of a rough 
hollow sphere whose inner radius is 377. What is the length (L) of the equiva¬ 
lent simple pendulum for the small oscillations of the hemisphere if the hollow 
sphere is fixed ? 

[The energy equation is 

r= coS“ 4 - cos + C 


where 0 is the angular displacement of the hemisphere. When 
this is differentiated and then the sines replaced by angles, it will 
be found that 

L = ft^.] 

17. A mass m oscillates at the lower end of a spiral spring of negligible 
mass, the upper end of which is fixed. Another equal and similar spring has 


2 n 
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its axis vertical and its lower end attached to one end of a light rod of length 
/, which can turn about a smooth axis at its other end, and which carries a 
mass M at distance c from the hinge. If the rod is horizontal in the equi¬ 
librium position, and if the period of oscillation of M is the same as that of 
w, prove that 

m _ /V\2 

M " v; 


18. A uniform rod is held horizontal by a pair of equal vertical spiral 
springs attached to its ends. The rod can oscillate in a vertical plane in two 
distinct ways : (i) without rotation, and (2) without any motion of the centre, 
one end moving downwards while the oth^ moves upwards. Show that the 
ratio of the first to the second period is V 3. 


19. PA, QB, are a pair of equal elastic strings which have the ends P and 
Q attached to pegs fixed to a smooth horizontal table, and the ends A and B 
attached to the ends of a uniform rod. The strings are stretched when the 
rod is in its stable position. If the distances PA, QB, are each c when the rod 
is at rest, and if the length of the rod is /, show that the ratio of the period of 
a purely rotational oscillation of the rod to that of a purely translational 
oscillation perpendicular to PQ is 


v' 


/_ 

3(/ + 2r) 


20. Two particles, of masses m and M, lie on a smooth horizontal table 
attached by a spiral spring of negligible mass, d'lie mass 7 ?i is suddenly 
started, by a blow, with a velocity v in the direction away from M. Describe 
the subsequent motion of the two particles and show that the relative motion 
is oscillatory with a period 



M -f w ’ 


T 


where t denotes the period of the oscillations that m would make if M were 
fixed. 

[If X is the,displacement of M and z the extension of the spring at the 
end of t seconds, then {x + z) is the displacement of w, and i'M 
may depote the tension in the spring. Then 




and m —^ = — or 




From these equations we find that 


d^z 


c{m -P M) 
wM ^ 


which shows that z is oscillatory with the period 


wM 


c{m 4- M) 

Moreover, it can easily be deduced from the equations that the 
centre of mass has no acceleration.] 

21. A uniform thin wire of length /, radius r, and rigidity-modulus has 
its upper end fixed, and a disc of radius £Z, depth and density p, attached 
to the lower end of the wire, makes torsional oscillations about its axis,'which 
coincides with the axis of the wire. Find the period of the oscillations. 

j^If « is expressed in lbs. per unit area, the period is 
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22. Two pulleys attached to the ends of a shaft, whose moment of inertia 
is negligible, have moments of inertia I and J about its axis, and the shaft 
rotates in smooth bearings. After the system has been set in motion, no 
forces act on any part of it except the reactions between the parts. \{ to and 
n are the angular velocities of the pulleys at any time, prove that Ia> -f J« 
remains constant. Prove also that, if the initial angular velocities are 
unequal, the relative motion of the pulleys will be oscillatory with a period 



where r is the period of oscillation of the free pulley when the pulley whose 
moment of inertia is J is fixed. 

[If d and <l> are the angular displacements of the pulleys, then the 
torsion in the shaft is — <!>)• The equations of motion are 

I,/V2 = and - 6 ) 


Adding these and integrating once, we get 
dd M 

= a constant. 


Also ^^2 = + J- 4 >) 

which shows that {0 — «/>) is a periodic function of /.] 

23. A body of mass 3 pounds lies on a rough horizontal plane with which 
the coefficient of friction is o*2. A horizontal unstretched spiral spring 
connects the mass to a fixed point which is not connected with the body on 
which the mass rests. The spring stretches half an inch for each pound ol 
tension. If the body on which the mass lies suddenly begins to move 
parallel to the axis of the spring with a velocity of one foot per second, find 
the displacement of the three-pound mass t seconds after the start, and find 
its maximum velocity. 

[The displacement is 0*3 (i — cos 16/) inches, and the maximum 
velocity 4*8 inches per second.] 

24. If the supporting body in the last question had been suddenly set in 
motion parallel to the axis 6f the spring with a constant velocity of 4 inches 
per second, what would then have been the displacement of the three-pound 
mass ? 

[If X denotes the displacement, then 

X = 0*3 (i — cos 16/) inches 

until X becomes equal to 4 inches per second, when the accelera¬ 
tion suddenly ceases and the friction drops to something less than 
limiting friction. The friction adjusts itself to balance the tension 
until the tension becomes equal to limiting friction, the mass 
meanwhile moving with constant velocity. Thereafter the mass 
slips, and, if /' is the time after slipping begins, 

X = 0*25 sin 16/' + o ‘3 inches, 
the maximum velocity being 4 inches per second.] 

25. Suppose the axle supporting a compound pendulum is rough, and 
suppose it rotates with a constant angular velocity n. If the moment of the 
Motions about the centre of the axle is constant so long as the angular 
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velocity of the axle is greater than the maximum angular velocity of the body^ 
show that the body can oscillate in the period TAjstc a, where a denotes the 
angular displacement of the equilibrium position of the body due to the 
frictions, and r denotes the period of oscillation when no friction acts. 

26. A watch lies flat on a light horizontal card which is suspended by 
three threads whose upper ends are attached to the same fixed point. 
If I is the moment of inertia of the entire watch about the vertical axis 
through its centre of mass, and J the moment of inertia of the balance-wheel 

about its axis, show that the watch gains approximately 43200- seconds per 


day in this position, assuming that it keeps correct time when the watch is 
not free to rotate. 



CHAPTER XXII 

IMPULSES AND INITIAL MOTIONS 


448 . When a large force acts on a body for a very short time the 
acceleration produced is very large, and consequently there may be an 
appreciable alteration in velocity during the short time that the force 
acts. Such forces occur when two bodies collide. For example, when 
a marble falls on a stone floor the marble seems to reverse its direction 
of motion suddenly, that is, in an infinitely short interval of time. But 
the interval of time during which the force acts, although short, is not 
infinitely short, for that would require the force to be infinitely large. 
Yet the time is so short that, for most calculations, it may be considered 
zero. Theoretically, for collisions, w^e consider the average force to be 
infinitely large and the time of action infinitely short, while their product 
is finite. This product of force and time is called an impulse. If the 
interval is not so short that we may consider it to be infinitely short, 
the impulse is the integral of the force with respect to time. 

Suppose a particle of mass m is moving in a straight line with a 
velocity and a force F acts on it in the direction of motion. Then 



dn 

”^dt=^ . 

. . . (l) 

Hence 

II 

1 

... (2) 


u and being the velocities when t was o and r respectively. 


The quantity 


/; 


Ydt 


is what we have called the impulse of the force F. Actually, the name 
impulse is not used except when the force is large and r small. Then 
the force F is called an impulsive force. If we write P for the impulse, 
equation (2) may be written 

mu — mu^ = P.(3) 

that is, increase of momentum = impulse .... (4) 


Impulses have direction and magnitude just as forces have, and they 
are added by vector rules. 

One very important principle to remember is that, in dealing with 
the effect produced by impulses, we may neglect entirely the eflect of 
finite forces during the short interval in which the impulses act. 
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449. Impulses acting on a Rigid Body.— Suppose forces Fi, F 2 , Fs, 
etc., parallel to one jilane, act on a rigid body of mass M ; and let /j, 
be tlie perpendiculars from the centre of gravity of the body on 
the lines of action-of these forces. Let u and v denote the component 
velocities of the centre of gravity parallel to a pair of rectangular axes 
OX and OY in the plane of its motion. T.et be the 

angles which Fj, F2, F3, etc., make wuth OX. Then 

du 

M^/ — </>i + F2 cos <f>2 4 “ F3 cos ^3 -f etc. 

= i7F cos <^, say.(i) 

= ZF sin ^ . .(2) 


i/oj 


= !!/>¥ 


(3) 


Now, let us suppose that the forces F^, F2, Fs, etc., are very large, 
and the interval during which they act is very small. Denoting this 
interval by r and the imj^lse of F^ by Pj, we get 

I Fi cos (f)i dt = cos I Fidt = Pi cos (f>i . • (4) 

•'0 *^0 


Also f = III .(5) 

•'0 •'0 

Even if the force Fj is applied at a fixed point in the rigid body (in 
which case /j will vary), the interval is supposed to be so short that 
has no time to alter appreciably. For this reason is regarded as 
constant in (5). 

Now, integrating (i), (2), and (3), with respect to /, we find 


Mw- Uuq = EF cos (f) .(6) 


Mz' — Mz'o = -^P sin ^.(7) 

Icu - Icuo = r/P.(8) 


The equations express the fact that the increase in the linear 
momentum of the body, that is, in the momentum of a particle of mass 
M moving with the centre of gravity, is equal to the resultant of the 
impulses. The last’ equation expresses the fact that the increase in 
moment of momentum about the centre of mass is equal to the sum 
of the moments of the impulses. 

Since an impulse is the time-integral of a force, it is obvious that an 
impulse equation can be derived from any form of equation of motion 
by merely integrating with respect to time. That is, in dealing with 
impulses we may do all that can be done with forces, provided that we 
replace rate of change of momentum in an equation of motion by actual 
change of momentum. 
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450 . A free uniform rod of length 2 a is struck by a blow whose 
impulse is P acting in a line perpendictdar to the rod at a distance c 
from its midpoint. To find the motion just if ter 
the bknv^ assuming it was at rest just before the 
blow. 

If u and CO are the velocity of the centre of ^ 

mass and the angular velocity just after the blow, ^ \ 

Mu = P . . . . (i) y 

M. ~a^oj == cP . . . . (2) 

These equations give both u and co when P is ^ 

given. But if the magnitude of P is not given, the ^ 

equations give the relation between u and co. Thus *96- 


which gives u in terms of co, or 7 fice versa. 

Suppose the blow is struck at the end of the rod, so that c ^ a^ then 

u = \aiii .(4) 


451 . A body of any form is attached to a fixed axis through A, and 
it receives a hlo 7 v P in a directioii perpendicular to the axis and making an 
angle (f) ’with the plane containing the axis and the centre of mass G, To 
find the angular velocity after the impulse and the action at the hinge. 

Let AG = GB = r, = the radius of gyra¬ 
tion about the axis through G parallel to the fixed 
axis. 

Let CO be the angular velocity just after 
the blow, and coq before the blow. The 
velocity of the centre of mass just after the blow 
is //CO. 

X and Y are the components of the impulse 
which the axis exerts on the body in consequence 
of the blow P. 

P"or the motion of the centre of mass G 
perpendicular to and along AG, 

Mh(oi — coq) = P sin </> + Y • (i) 

o = P cos <f) — X . (2) 

The left-hand side of (2) is zero because the velocity of G along 
AG is zero. 

For the rotation, we get the equation 

Mki^{(x} — coq) = cT s\n(f> — hY .(3) 

Equation (2) gives X in terms of P. Also, eliminating Y from (i) 
and (3), we get 



whence 


yi{k^ -f //2)(co — cuq) = (/t + h)P sin (f) ... (4) 

^ ^0 ” ' ^2 q . /^2 ..( 5 ) 
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Substituting for (a> — wq) in either (i) or (3), we find 

Y = sin ^.(6) 

If P sin is not zero, Y will be zero only when 

.( 7 ) 

that is, when the point B is the centre of oscillation for the axis A. If 
the resultant impulse P were perpendicular to AB, and B were the 
centre of oscillation, there would be no reaction between the axis and 
the body. For this reason the centre of oscillation is sometimes called 
the Centre of Percussion corresponding to the axis A. 

Another method of arriving at the angular velocity very easily is by 
taking moments about the axis. 

The moment of the impulse about this axis is equal to the actual 
change of moment of momentum. 'I'hat is 

M (/’2 4- — coq) = P(AB sin = T(/i + c) sin . (8) 


which is just the same equation as (4). 

As a particular example, suppose a uniform rod turns about a 
horizontal axis at one end perpendicular to the rod. The rod is allowed 
to fall from a position in which the free end is higher than the axis. 
When it becomes horizontal, a point very near the free end strikes a fixed 
bar. We will compare the impulses exerted by the bar and the axis. 

Let P be the impulse exerted by the fixed bar, and Y that exerted 
by the axis as in the earlier part of this article. X is clearly zero. Let 
/ denote the length of the rod. 

Here = 90°, // = ^/, c = ^/. Hence 



This result is just the same, whether the rod rebounds or not. In 



Fig. 198. 


this example ojq is negative, and co is either positive or 
zero according as the rod rebounds or not. 

452 . 7 ’wo equal uniform rods, AB, BC, each of length 
2a and mass m, are hinged together at B, and are in one 
straight line at rest. An impulse P is applied at C perpen¬ 
dicular to the line of the rods. To find the motion 
immediately after the blow. 

Here we shall have to deal with the motion of 
each rod separately, taking into account the reaction 
between the rods at the hinge. We shall also have 
one geometrical relation between the motions of the 
rods, namely, that due to the fact that the velocity of 
B is the same when considered as a part of either rod. 

Q is the reaction between the rods as indicated in 
the figure. Let u^ and be the velocities, just after 


the blow, of the centres of mass of BC and AB in the direction of P; 


let coi and 00^ be their angular velocities in the direction indicated in 


the figure. 
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The velocity of li considered as a pait of AB is 7/2 + con¬ 

sidered as a part of BC it is awi. Hence 


772 "b ^^2 == 

. . . 

, . . ( 1 ) 

Now for the motion of AB 

11 


• • ( 2 ) 


• . 

• * (3) 

And for the motion of BC 

mu^ = P — Q . . 

. . 

• • (4) 

\ma^<x)i = 77 P -f- tzQ . 


. . • (5) 


Immediately after the blow there is obviously no velocity parallel 
to the line of the rods, and therefore no other equations are needed. 

^ Now substituting in (i) the velocities given by the equations (a), 


(3), (4), ( 5 )> we get, on multiplying by 37/7, 

Q 4 - 3 Q = (P~Q)- 3 (P 4 -Q) .... ( 6 ) 

whence Q = — .(7) 


Thus Q acts in the direction opposite to that assumed in the figure* 
On substituting for Q in the equations (2) to (5) we find 


I P 

.... (8) 

47/7**’* 

3 

a»2 = - ~ • ... 

477 m 

. . . . ( 9 ) 

5 

. . . . (10) 

= - • - . . . . 

4 m 

9 P 

. . . . (ii) 

coi = ’ . . . . 

/\a ni 


It follows from these results that the two rods begin to rotate in 
opposite directions, and their centres of mass begin to move in opposite 
directions. 

453 . Of/e end of a uniform rod comes in contact with a smooth hori¬ 
zontal floor while the centre of gravity is moving vertically downwards. 
Just before striking the floor the rod is 
rotating^ and is inclined at 0 to the floor. To 

find the change of motion due to the imfi/lse^ 
assuming that the end which strikes the floor 
does not rise again. 

Let 7/0 be the velocity of the centre of 
gravity and cuq the angular velocity of the 
rod just before striking the floor. Let u 
and CO be the values of these quantities just 
after the impulse, the signs being positive 
if the directions are the same as those of u^ and coq. Let P denote the 
impulse, za the length of the rod. 

Resolving vertically we get 

miu-UQ)^-? .(i) 
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Taking moments about the centre of mass 

— coq) = — cos 0 . . . • . (2) 


Since the end A does not rise off the floor the vertical component 
of the velocity of A just after the impulse is zero. Now tlie velocity of 
A relative to the centre of mass is ao) perpendicular to BA, and the 
vertical (downward) component of this is aco cos Q, Hence 

u 4- cos 6=0 .(3) 

Substituting in (3) the values of u and a> taken from (i) and (2) 




P P 

4- cos 0—2 COs2 6 = c . 


Whence 
Now (i) gives 
and (3) gives 


P (//o4-rtrajocos0) 
1+3 cos2 9 

{^Uq cos 0 — aa)Q) cos 0 
I 4- 3 cos2 9 

I aojQ — 3//0 cos 9 
a 143 cos^ 9 


(5) 

( 6 ) 
( 7 ) 


Very simple reasoning tells us that, if 0 = qo'^, u wall be zero and oj 
will remain unchanged since the floor is smooth. Equations ( 6 ) and 
(7) these expected results. 

454 . A free rigid body has a 7notion of translation and a rotation 
about an axis through the centre of fnass perpendicular to the motion of 
iranslatiofi. An axis parallel to the axis of rotation is suddenly brought 
to rest. To find the motion immediately ajter the fixing of the axisy and 
the impulse exerted by the axis. 

Let ojq be the angular velocity of the body and Uq the velocity of 
the centre of mass just before fixing the axis. Let axes GX and GY be 

taken parallel and perpendicular to uqj 
and let the co-ordinates of the axis which 
becomes fixed be a and F P and Q are 
the components of the impulse exerted 
by the axis on the body. M is the mass 
of the body, Mh^ the moment of inertia 
about the axis of rotation through G. 

When the axis A becomes fixed the 
body rotates about A, and therefore the 
velocity of G will be AG . co, where co is 
the angular velocity after the impulse. 

While the impulsive force is acting 
at A the rate of change of moment of 
momentum of the body about A is zero. Even if some finite force 
does act on the body during this interval its effect may be neglected, 
as we pointed out in Art. 448 Consequently, the whole change of 
moment of momentum about A is zero while the impulse acts. 
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By Art. 405 the moment of momentum about A before the impulse is 

-f Mk^coQ, .(1) 

and after the impulse 

AG. M . AGoj + = M(a^ + b^)oi + M/c^oj . . (2) 

Since there is no change of moment of momentum about A, 

M(buQ + = M(a^ + IP- 4 - IP)co . . . 

bu^ + JP(jdQ 


whence 




(3) 

(4) 


To find P and Q we resolve horizontally and vertically for the motion 
of G. The components of the velocity of G parallel to GX and GY 
are, after the impulse, boy and — aoi. Hence 


t) "KM h \ b/PcOQ — -f- / \ 

P=M(^a,-*/o)= ——M • • • (5) 


Q = — Mzrco = 


a{buQ 4 
^2 + ^2 


(6) 


We have deduced (3) from the constancy of the moment of momentum 
about A. Although this gives the simplest solution of the problem, it is 
not necessary to assume it. We could have obtained (3) from the 
three equations foi change of motion, namely (5), (6), and the equation 
(7) below, obtained by taking moments about G. 

M/P{oj — coq) = aQ — .(7) 

If we substitute in (7) the first expressions for P and Q from (5) and 
(6) we shall get equation (3). 

455 . equal ufiifarm rods AB, BC, hinged together at B, fall 

vertically as o?ie straight rod AC without rotation and inclined at an angle 
a with the vertical The lower end comes 
in contact ivith a rough horizontal floor 
when the common velocity of the rods is V. 

Assuming that h. remains at rest jmt ajter 
striking the floor^ and that the hinge is 
perpetidicular to the vertical plane contain¬ 
ing the rodSy to find the motion after the 
impulse. 

Let 2a be the length of each rod, 
and m the mass of each. Let the 
velocity of the centre of mass of BC 
just after the impulse be u. This 
velocity is clearly perpendicular to BC. 

Let cji and co denote the angular 
velocities of AB and BC just after the 
impulse. The velocity of the centre of mass of AB is acoi and it is 
perpendicular to AB. 

Now the change in the moment of momentum of each particle of 
the two rods about A is equal to the moment about A of the impulse on 
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the particle. Consequently the total change in the moment of mo¬ 
mentum of the two rods about A is equal to the sum of the moments 
about A of all the impulses on all the particles, which reduces to the 
moment of the external impulses, since the reactions between the 
particles will disappear from the sum. But the only external impulse 
is the reaction of the floor and this has no moment about A. Conse¬ 
quently there is no change in the moment of momentum of the two rods 
about A. 

Before the impulse the moment of momentum of the two rods 
about A was clearly 2m . 2dN sin a. After the impulse the moment of 
momentum of AB about A is ma^a)^ -f \ma^(x}i^ or Ihe 

moment of momentum of the rod BC is 3^. mu 4 - Hence, 

equating the sum of the moments of momentum before and after the 


impulse, 

j^maN sin a = -f ynau 4- . . . (i) 

y)T 12V sin a = 4aci)i gu ao) .(2) 

Now also since the only impulse on the rod BC acts at B the moment 
of momentum of this rod about B remains unchanged. That is, 

viaY sin a = mau -f \ma^oi ..... (3) 

or 3V sin a = + aoj .(4) 


We have three unknown velocities to find, namely, cuj, a>, and u. 
At present we have two equations, (2) and (4), connecting these velocities. 
We need still another equation. We get this other equation from the 
geometrical condition that B is attached to each rod, and therefore has 
the same velocity when considered as a part of either rod. This 
condition gives 

2a(x)i = u --aa} .. . (5) 

Substituting for acoi in (2) we get 

12 V sin a = 2(u — aco) + gu -f ao) 

= iiw — aoj .. . (6) 

Solving (4) and (6), we get 

2/ = sin a.(7) 

aco = — sin a.(8) 

Then (5) gives 

aoji = /5V sin a.(9) 

If we now want to find the reaction of the floor we can find the 
impulse which will produce the known change of momentum. Let P 
and Q be the components, along and perpendicular to AB, of the 
impulse at A, These are equal to the total increase in the momentum 
of the two bodies in the same two directions. Thus 


P = 2mY cos a.. . (10) 

Q = ^(mu + mawi) -f 2 mY sin a 

= *^mY sin a.(ii) 
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456 . A lift is raised a7id lowered by means of four ropes attached to 
the top corners which lie at the attgular points oj a squarr. If the mid¬ 
point of one of the botio^n edges is suddenly brought to rest by meeting an 
obstacle just after the I ft had been moving dow}i- 
wards with velocity Vq, to find the impulse of the 
tension in the two ropes which do not become slack. 

The figure represents an elevation perpen¬ 
dicular to the edge which becomes fixed. This 
edge is represented by C in the figure, and the 
two strings which do not become slack are repre¬ 
sented by the straight line MA. I2T 

The answer to this question depends on the 
assumption we make concerning the behaviour of 
the point A. We shall assume that the ropes are 
inextensible, and that the body which gives out 
the ropes does not yield in the impulse. Then^ if 
the ropes are attached directly to the lift without 
the intervention of springs, we must assume that 
the downward velocity of A remains unchanged, 
because the speed at which the rope is being given 
out does not alter during the impulse. 

Let CD = ay CG = h ; and let k denote the 
radius of gyration about the axis through G 
perpendicular to the plane of the figure. Let a> 
be the angular velocity after impact. Fig. 202. 

The velocity of A after impact is AC . co 
perpendicular to AC, since C is fixed. The downward component of 
this is DC . oi. But the downward component of the velocity of A is Vq, 
Hence 



B 


ao} = Vq 


(I) 


Now the change in the moment of momentum about C is equal 
to the moment of 2T about C. Before impact the moment ol 

momentum was impact it is IMhoj -f Mk^cu. Hence 

M(/i 2 4 - k^)o} — 2^^^® ~ — 2^^T.(2) 


From (i) and (2), on eliminating co, 



//2 + ^2 

a 



• ( 3 ) 


rr - \ 

2 \2 (fi ) 


Ifi -f k- 


or 


( 4 ) 


If this expression for T happens to be negative, it would mean that 
the motion we have supposed would require a thrust in the ropes MA. 
Since this is not possible, these ropes, as well as the ropes N B, will 
become slack. 

If the centre of mass G does not lie in the vertical plane containing 
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the impulse P. then the sum of the tensions in the two ropes MA will 
be what we have called 2T above, but these two tensions will not be 
equal. 

457 . If the ropes in the last example were elastic there would be no real 
impulse in the ropes M A. The ropes would stretch and the tension would 
quickly increase up to a maximum and then it would decrease again, 
and oscillations would be set up which would soon die out through 
friction. This illustrates what happens in every case of impulse or 
collision between two bodies. If a blow be suddenly applied to one 
point of an elastic body, the particles at which the blow is applied will 
yield to the blow and these will push forward the next particles, and 
these again will push the next, and so on till the motion communicated 
by the blow has spread over the whole body. At the first instant of the 
blow it is only the particles in immediate contact that are in motion, 
and it takes some measurable, although very short, time for the effect of 
the blow to be transmitted through the body. All apparently rigid 
bodies are set in motion by an impulse in this way, and even with such 
plastic things as clay the process is similar, but it is accompanied by 
a permanent change of shape. 

When two elastic bodies collide they always rebound after collision. 
The reason for the rebound may be explained as follows. The collision 
causes a compression of the particles of each body near here the blow 
is applied, and, as explained above, these particles push forward the 
next particles, and these the next, and so on. When the compression- 
wave which sets the particles in motion arrives at a boundary of the 
body, it leaves these last particles with some velocity outwards from the 
boundary, which is greater than the general velocity of the whole body. 
The particles travel on until the body is extended at that point, just as 
if there had been applied a sudden pull at that point. Just as the com¬ 
pression-wave travelled forward through the body so the extension-wave 
will travel backwards, and when it arrives at the point at which the blow 
was applied it will draw itself away from the other body if it is still in 
contact. The separation may have taken place already on account of 
the extension-wave from the other body. 

458. Collision of Elastic Bodies. —When two elastic spheres collide 
their component velocity of separation after impact parallel to that line 
which passes through their centres when they are in contact bears to 
the component velocity of approach before impact parallel to that line 
a ratio which depends only on the materials of which the spheres are 
made. This ratio is called the coefficient of restitution or coefficient of 
resiliefice for the two spheres. The value of this coefficient may have 
any magnitude between nought and unity. It is very nearly zero if one 
of the spheres is made of soft clay. For two lead spheres it is about 
0*2, and for two glass spheres about 0*94. 

When two elastic bodies of any form collide, the points which come 
in contact rebound after the impact. There is a similar definition for 
the coefficient of restitution in this case, but now the velocities, whose 
ratio is taken, are the component velocity of separation of the points of 
contact along the common normal to the surfaces of contact and the 
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component velocity of approach of these points along that same line. 
But in the general case the coefficient of restitution depends on the 
particular points which come in contact, the form of the colliding bodies, 
and the position of the bodies relative to the normal at the surface of 
contact as well as the material of the bodies. On account of the large 
number of variable quantities in the coefficient of restitution of two 
elastic bodies these coefficients have only been determined for particular 
cases, such as the impact of two spheres, the impact of a sphere on a 
plane surface of a large body, and the impact of two rods in the same 
line moving parallel to their lengths and meeting at their ends. 

The coefficient of restitution will be denoted hy e. It can be shown 
in the general case that there is always kinetic energy lost on impact if 
e is less than unity. When e is equal to unity the total kinetic energy 
after impact is ecpial to the total kinetic energy before impact, but since 
e is less than unity for all actual cases there is always some loss of 
kinetic energy. 

In the next article we will show, in a fairly simple case, that there is 
no change in the kinetic energy when e is unity. 

459 . A rod which has a motion of translation and rotation in the same 
plane is struck hy a hall whose centre of mass is a ho 
moving in the same plane. To find the snhsequerit motion^ 
the iffipulse^ and to show that tlure is no change of kinetic 
energy, assuming that e = i, and that the bodies arc smooth. 

I'he angular velocity of the rod after impact is co, and 
before impact oiq in the same direction. The component 
velocities of the rod and the ball in the direction of the 
impulse on the rod are u, v, after impact, and //q, 7 'o, before 
impact. The component velocities perpendicular to the 
impulse remain unaltered. 

Let P denote the impulse on the rod, and D the 
point at which it is applied. The impulse on the ball is 
P in the opposite direction. Let M and m be the masses of the rod 
and ball. Let GD c. 

The equations for the change of motion of the rod are 

M(u - //o) = P.(i) 

— CUq) ~ ^P.(2) 

And for the ball 

fn(v-VQ)=-V .(3) 

The velocity of approach of the point D of the rod and ball before 
impact, resolved along the perpendicular to the surface of contact, that 
is, perpendicular to the rod, is Vq — {uq + cojq). The velocity of 
separation after im^pact is a similar expression with the signs changed 
and the suffixes dropped. Hence, since <? = i, we get 

Vo - (//q + ca)o) = {u + coj) - V . ( 4 ) 

or (u + Uq) + c{<x) + cuo) - {v + Vo) = 0.(5) 

Therefore 

P(u -f Uq) 4- ^P(ct> + ^ 0 ) — P(2^ + 2^o) = o.(6) 




D 


u 

'^B 
Fig. 203. 
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Now let the three values of P obtained from the equations (i), (2), 
(3), be substituted for the first, second, and third P in (6). Then 

M(//2 - + M^> 2 (a >2 - Olo^) +w(f/2 - 7 /o 2 ) = O . (7) 

That is 

i(M//2 + NU' 2^2 4 . == + M/’2^uo2 4- mv^^) ( 8 ) 

Thus the kinetic energy of the motion parallel to the impulse 
remains unaltered after the impulse, and since the velocities perpendicular 
to the impulse remain unchanged, it follows that the total kinetic energy 
of the two bodies is unaltered by the impulse. 

Now to find P. 

Substituting in (5) the values of 2/, Vy and a>, from (i), (2), and (3), 
we get 

P ^2 P P 

Therefore p|m + +^,2)! = 2 M'"( 7 ’o — “ ^^0) • • (1°) 

This gives P, and on putting its value in (i), (2), and (3), the relocities 
Uy Vy and oi, can be found immediately. 

If e is less than i it is easy to show that there is a loss of kinetic 
energy in the two bodies. Instead of (4) w^e should have 

- (uq + ccoo)l = ufco - V . . . . (ii) 

whence 

(u 4 - Vo) + <«" + ^0) -(«' + = -(r - -{>'0 + ‘^^0)} (12) 

The left-hand side of this has to be treated exactly as in deducing 
(6) and (7) from (5). Then we get 

^(M?/2 4- M/^2^2 4 - M>^:2cl>q2 4- WZ'q2) 

= -i(i - <f){r'o - («0 +‘■o>)}P .... (13) 

The right-hand side of this equation must be negative, because the 
quantity in the large brackets is the velocity of approach before the 
impact, and P and (i e) are both positive. Hence the left-hand side, 
which is the gain of kinetic energy, is negative. 

460. In a ga7ne of cricket the bowler delivers the ball in a horizontal 
direction at a height 6 feet above the g?'ound. When the ball is delivered ii 
has a spin about the axis perpendicular to the plane of motion of its centre 
of masSy the direction of the spin being such that the friction retards the 
motion when the ball strikes the ground. The point ad which the ball strikes 
the groufid is 1 % yards from the bowler and yards from the batsman's 
wickets. If the coefficient of friction between the ball and the ground is 
and the coefficiefit of restitution J, at what height could the ball hit the wickets 
if it were allowed to go t 

Let u and v be the horizontal and vertical components of the 
velocity when the ball strikes the ground. Then 

^ = ^>^^6 feet per sec. . . • (i) 
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The equation of the parabolic path with the origin at the highest 
point is 

. . • • (*) 

Hence u = \J= \JJb. . . . (3) 

Let Vx and Ux be the vertical and horizontal velocities after the impact. 
Then, if P is the impulse, 

P = 7 n{y + = m(y -f eil) = m () = 1 2 jJ (yrti . (4) 

If the rotation is not annihilated by the friction, then there is 
limiting friction acting during the whole of the time of contact, and the 
impulse of this friction is /xP. Hence 

m{ux — «) = —/LtP = — ip = -“5 X 6m — 6m (5) 

Therefore //j = « — 4 4/6 = 32 .(6) 

If / is the number of seconds between the instants when the ball 
leaves the ground and strikes the wickets, that is, the lime taken to 
travel 12 feet with a velocity tix 

12 12 ^/ 6 , ^ 

t — = = r • • • • . ( 7 ) 

32V 6 

If h is the height at which the ball strikes the wickets 

/4 = V = -^ = |feet . . . (8) 

461 . Initial Motions.—If one of the supports of a body, which is at 
rest or moving in any manner, suddenly gives way or is removed, the 
reactions at the other supports are instantaneously altered. The reason 
for this alteration is that the accelerations of the body are changed 
when the support is removed. In order to find these altered reactions 
we have only to consider the motion of the body immediately after the 
removal of the support; and since it is only the reactions lat the 
beginning of the new motion that are required, we can simplify our 
equations by assuming that all the displacements and velocities due to 
the new accelerations are infinitely small while these accelerations are 
finite. As a simple example we may mention the case of a particle 
allowed to fall from rest under gravity. This does not illustrate change 
in reactions, but it is an illustration of the fact that displacement and 
velocity may be zero while acceleration is finite. 

The sudden removal of a support produces just the same effect as 
the sudden application of a force which is exactly the reverse of that 
exerted by the support while all the other forces remain the same. But 
it must not be imagined from this that a suddenly applied force is in 
any way comparable with an impulse. An ordinary finite force will 
require a finite time to generate a finite velocity, whereas an impulse is 
an action which produces finite changes of velocity instantaneously. 

21 
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No new principles are needed to deal with questions on initial 
motions. We shall, however, always have a geometrical equation 
connecting the displacements, and since it is only the initial motion that 
is being investigated, we shall be able to neglect everything except 
finite quantities and the first powers of the displacements, since the 

second powers and products 
will be infinitely small in com¬ 
parison with the first powers. 

462 . A uniform horizontal 
bar is stipported by hvo vertical 
strings attached to points at dis¬ 
tance c from the midfoint of 
the rod. If one of the strings 
suddenly breaks^ to find the te?i^ 
sion in the other string imme¬ 
diately after bn aking and to com¬ 
pare it with the tension before 
breaking. 

T is the tension after the 
breaking of one of the strings, 
Tq the tension before. 

Let y be the downward 
displacement of the centre of 
gravity in a very short interval of time after the breaking, and let B be 
the angle through which the rod has turned. Also let la denote the 
length of the rod. Then, for the motion of G, 



d'^v 


T. 


(0 


and for the rotation = cT .(2) 

Now the geometrical equation connecting^ and 6 is obviously 

y = ^ .(3) 

since it has only to be correct for the first powers of y and 0 
Differentiating {3) twice, we get 

.(4) 


d^y _ dW 
dt ^ ~ '"<*2 


On eliminating the accelerations from (i), (2), and (4), we get 


w^hence 


T 


1^2 


1^2 ^2 




a2 -f 3^2 




where W is the weight of the rod. 

F or equilibrium before breaking 

To = iW . . 

T 01/72 

^0 


Hence 


2a^ _ g2 — y 2 

~ ^ «2 4. 3^ ■ 


( 5 ) 

( 6 ) 

( 7 ) 

( 8 ) 
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Thus T is greater or less than T0 according as is greater or less 
than 3^2. 

If the strings are attached at the ends of the rod, then c ^ and 

T = jW = iTo.(9) 

463 . A rigid body of weight W is suspended by two vertical strings 
attached at distaftces a and b fro 7 n the vertical through the centre of gravity. 
To find the tension in one string imfnediately after the other breaks. 

Suppose the string at distance b breaks. Let k be the radius of 
gyration of the body about the axis through G perpendicular to the 
plane of motion. 

Since all the forces are initially vertical the centre of gravity begins 
to move vertically downwards. Also since the point of attachment of the 
unbroken string cannot move vertically, it follows that the instantaneous 
centre of rotation at the beginning of the motion is in the line of this 
string produced. To make the centre of gravity move vertically this 
instantaneous centre must be in the horizontal plane through the 
centre of gravity. Hence, if y is the downward displacement of the 
centre of gravity, and B the angular displacement after a very short 
interval of time, it is clear that, to the first order of small quantities 


V ^ aB • .(i) 

Now the equations of motion are 

- T.(2) 


= .( 3 ) 

Substituting in (2) the value of y from (i), and then eliminating 
dW 

from the resulting equation arid (3), 

- T) = a2T 

or T = = 7^-—r,W . . . (4) 

/t2 4- a2 * ly. 4. ({I V^/ 

If To was the tensioti in this string before the other broke 
b 


Hence 


To = -^W. 

“ a 0 

T ^ s 

To ~ Jfe2T~ (/t2 + di-)b 


Thus, T is greater or less than Tq according as is greater or less 
than ab. If is equal to aby then the point in which the horizontal 
plane through G meets the line of the broken string just before the 
motion began is the centre of percussion corresponding to the point in 
which the line of the other string is met by the same horizontal plane 
through G. 
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464. Body supported by Three Strings or Props, one of which is 
removed. —If a body is supj)orted by three vertical strings and one of 
them suddenly breaks or is removed, the problem of finding the initial 
tension in the other two can be reduced to the problem when one of 
two strings breaks. For, obviously, both for rest and initial motion the 
two unbroken strings can be replaced by a single equivalent string in 
the same vertical plane as the third string and the centre of mass of the 
body. We have then to find the tension in this equivalent string, and 
to resolve this tension into two equivalent forces along the two given 
strings. 

Suppose a circular disc of radius r is suspended by three vertical 
strings attached at equidistant points on the circumference. When one 
of the strings breaks, to find the tensions in the other two. 

We can use the result of the last article. If the thickness of the 
disc is negligible Also for the equivalent string a ^ \r \ and 

the distance of the broken string from the centre of gravity, is r. 
I’hen by the last article 


4;2 




(0 



But T is the tension in the equivalent string which is twice the 
tension in each actual string. Thus the tension I'j in each unbroken 

string is ^W. Before the breaking of the 
string the tension in each was ^VV. It is 
seen then that the tensions in the unbroken 
strings are diminished to three-quarters of 
their equilibrium value. 

465 . A uniform rod of kngth 2a is 
suspended by two strings OA, OB, each of 
length 1. If one of them breaks^ to find the 
initial tension in the other. 

Here the centre of mass has an initial 
horizontal as well as vertical acceleration, 
because the tension of the unbroken string 
has a horizontal component. 

Let ^ be the angle which the unbroken 
string makes with the vertical after a very 
short interval of time t from the beginning 
of the motion, and let 0 be the angle which 
the rod makes with the horizontal. Taking O as origin, the ^-axis 
downwards, and the .:r-axis horizontal and towards the broken string, 
the co-ordinates of G are 


X = a cosO--lsm<l> 

y = asind + I cos ^.(2) 


dO dS 

Neglecting squares of ^ and which are initially zero, we find 
on differentiating (i) and (2), 
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. d^x . .d^e . jd^ , . 

—-as.n 0 ~-/cos.^-- .... ( 3 ) 

d^y MW , . .dU , , 

~^. = acos0^--/s,n^-,-.( 4 ) 

But since we want the initial accelerations only we must use the 
initial values of 6 and namely, $ = o and ^ say. Thus the 
initial accelerations are 

.. . (5) 

d^y dW , . .,dU 
dW d^ 

. 

Hence the equations of motion are 

»o 

— M/ cos ^= T sin .(7) 

= • • • • (8) 

AMa2^2 = «T cos .(9) 

d^S d^(f} 

Substituting in (8) the values of and from (7) and (9), 
we get 

3T cos 0 ' + jT tan <f>' = — T cos (f> , . , (10) 

or T(4 cos + sin tan ^') = . .(ii) 

Therefore T = Mf-—. . . (12) 

*3 cos2 ^ + I ' 

Before the string broke the tension in each was 

* To = j, . • • • . • * (13) 

cos 9 

„ T 2 cos 2 <f>' 

Hence — =-—.(14) 

To 3 cos2 -f I ^ 

We can deduce the results for vertical strings by putting 0' = o 
Then ^ 

Z = i . . 

To * • ' * 


(' 5 ) 
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In the foregoing solution the geometrical relation between and 
has not been expressed in a single equation. It can be obtained by 
eliminating ^ from (i) and (2). It is worth while to get this equation 
and solve the problem by a rather different* method. 

On eliminating <f> from (i) and (2), we get 

— rtcos0)2 4. (y — ^sin0)2 . (r 6 ) 

T.pt us write h for the equilibrium value of namely, lcos<f>' or 
\/I^ — a^. Then put 

y==/i-^z .( 17 ) 

Now Xj a, and 0 , are small quantities. Consequently w^e need only 
letain the first powers of these quantities in (16). Substituting for in 
{16), and then retaining only first powers of x, a, and 0, we get 

^ --2ax 4“ 2Az — 2/ia0 = 0.(18) 

Removing the factor —2, and then differentiating twice 


. ,, d^0 

a— — n -h hu — =t o 

dt^ dt^ ^ dt^ 


There is still another way of arriving at equation (19). The 
geometrical equation (16) expresses the fact that the length OA is 
constant. We may now get equation (19) from the consideration that 
A moves perpendicular to OA, that is, that the component velocity of 
A along OA is zero. This method we shall now use. 

The velocity of A is the resultant of the velocity of G and its 
velocity relative to G. But at the beginning of the motion the velocity of 

d0 ^ 

A relative to G was merely a— vertically upwards. Hence the initial 


horizontal and vertical velocities of A were and 


spectively. Resolving these along AO and writing 

^ 


for its equivalent 


we get 


. Mx . J d0 dz\ 
sin = o 


Differentiating this with respect to / and neglecting which is initially 
zero, we get 

. ,d^x , y d^z\ ■ , , 

sin^^^-+cos^«^-—= o . . . (at) 


If we put ^ for ^ in this and then multiply by /, we shall get the same 
equation as (19). 
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The three equations of motion are 

T sin .. . . (22) 

— T cos ^ .(23) 

oY cos ^ .(24) 

On substituting in (21) the values of the accelerations from the last 
three equations, we shall find the same value of T as before. 


M—„ = 
dt^ 

d^z 


lMrt2^ = 
* <//2 


EXAMPLES ON CHAPTER XXII 

1. A chain (supposed to be quite flexible) hangs over a smooth fixed 
pulley, whose size and inertia are put out of the question ; the hanging parts 
are equal, but a small preponderance is given to one end (A), in consequence 
of which the other end (B) is drawn up. Just before B reaches the pulley it 
is caught and stopped ; find the impulsive tension at any assigned point of 
the descending chain. 

If the chain is 23 feet long, and weighs 40 lbs., compare the impulse at a 
point 20 feet from A with that of a body weighing 5 lbs. when it is brought to 
rest by a hard horizontal plane on which it falls from a height of 9 feet. 

{Board of Education^ Honours^ 1906.) 

[The impulsive tension at x feet from A is w j where tn denotes 

the mass of the whole chain and / its length. The impulsive 
tension in the given chain is ^ times the impulse of the five-pound 
body.] 

2. A sleigh weighing 5 tons is travelling along a horizontal road. As it 

passes under a bridge a load of rubbish weighing one ton is shot into it from 
a height of 9 feet. If the sleigh was moving at 4 miles an hour at the time, 
find the speed immediately afterwards, the coefficient of impulsive friction 
between the ground and the sleigh being J. {London B.Sc.^ 1908.) 

[2f| miles an hour.] 

3. A uniform rod ^an turn freely round one end. It is held in its highest 
position and is then allowed to fall. On reaching its lowest position it 
encounters a fixed obstacle at its lower end. There is no rebound. Find 
the impact on the obstacle, and that oif the point of suspension. 

The rod is 12 feet long and weighs 10 lbs. ; compare the impacts with the 
momentum of a body which, weighs 5 lbs. and has a velocity of 8 feet per 
second. {Board of Education^ Sta^e III,, 1909.) 

[The impacts on the obstacle and on the point of suspension are 
\*nislbgl and in the same direction, m and / denoting 

the mass and length of the rod ; for the given rod these impacts 
nre respectively four times and twice the momentum re¬ 
ferred to.] 
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4. A uniform rod turns in a vertical plane about a point distant one- 
third of its length from one end. Find the centre of percussion. 

Determine also the impulse on the axis when the rod receives a given 
horizontal impulse at a point distant c from the lower end. 

(^London B.Sc.^ 1905*) 

[The centre of percussion is at the lower end. If P is the applied 

impulse, then the impulse on the axis is -~P in the opposite 

2/ 

direction, I being the length of the rod.] 

5. A disc of mass M and radius r is moving in its plane, the velocity of 
its centre being u and its angular velocity ct>. One of the points of the disc, 
distant ia from the centre in a direction at right angles to the direction of 
motion of the centre, is suddenly fixed. Show that the loss of kinetic 
energy is 

± aw)^ 

(London B.Sc.^ 1908). 

6. A uniform rod of length 2a is attached by a string of length / to a 
fixed point, and the system revolves in one plane in steady motion on a 
smooth horizontal table. Find the point at which an impulse must be 
applied to bring the rod to rest. 

T i 1 

I At - • —^ from the centre on the side away from the string. I 


7. A uniform rigid bar, AB, is rotating on a smooth horizontal plane 
ibout its centre with angular velocity m ; if suddenly a point P of the bar is 
fixed, find the position of P for which the new angular velocity will be ^o). 

(London B,Sc\, 1907.) 


j^P must be at of the length from the middle, j 


8. A uniform rod, AB, of length 2a, hangs vertically from the end A 
which can slide in a smooth horizontal groove. If the end A be projected 
with velocity u along the groove, show that the middle point of the beam 

will move with a velocity whose horizontal component is ^ 

denotes the radius of gyration of the beam about its middle point. 

Find the equation which determines the angular velocity of the beam at 
any time. (Board of Education^ Stage IIL, 1909.) 

j^It we put for the initial angular velocity is If a> is the 

angular velocity when the rod is inclined at 6 to the vertical, then 
the vertical velocity of the centre of mass is ao} sin and the 
horizontal component is constant. The energy equation is 

sin2 $ = ~ cos ^).j 

9. The ends of a uniform rod AB are constrained to move along two lines, 
OA vertical, and OB horizontal. The rod is resting in stable equilibrium 
when a blow is struck horizontally at its middle point just sufficient to bring 
the rod into a horizontal position. Determine the magnitude of the blow. 

(Victoria University^ 1902.) 

(If m is the ma^ ^ length of the rod, the magnitude of the 
blow is 
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10. Two masses, nti and are attached to the ends of a perfectly rough 

light string which passes over a pulley of mass m and radius r, turning freely 
round its axis, which is fixed. Find the acceleration of the masses and the 
tension in each portion of the string. Find also the impulsive couple which 
must act on the pulley .to stop its motion at the end of t seconds and the 
consequent impulsive tension. {Manchester University^ 1905O 

[If m2i> mi and if mh^ is the moment of inertia of the pulleyi the 
acceleration of the masses is 

^ {m2 4 - mi)r^ ■+• 

The impulsive couple which stops m2 and the pulley is 

/ ^ 
and the impulsive tension on m2 is ^^2 A*] 

11. A rough disc rolls in a Straight line on a rough horizontal plane ; it 
strikes against a rough fixed point. Find under what circumstances it will 
just get over the obstacle, supposing that there is no slipping. 

{Board of Education^ Honours^ 1906.) 

[If h is the height of the obstacle, r the radius of the disc, oi and n 
the angular velocities before and after impact, then, since the 
moment of momentum about the top of the obstacle remains 
constant 

— hr')ia ~ 

To get over the obstacle the centre must rise a distance /?, and 
this requires that 

(3r - 2/4)2a>2 > 

12. If r is the radius of a billiard ball, show that it cannot possibly jump 
off the table after striking a cushion piovided the projecting edge of the 
cushion is more than Jr above the level of the table. But if the height ol 
the cushion is r, it can jump off the table if it strikes a cushion directly with 
a velocity greater than Vi7'5.^r, provided it neither rebounds nor slips 
immediately after striking the cushion. 

13. A uniform rectangular plate ABCD (free to move) is struck at A by 
an impulse along AB ; find the initial position of the instantaneous centre. 
Also describe the subsequent motion, assuming no forces act on the body. 

{Manchester University B.Sc.^ 1907*) 

[If AB = rt, AD = the instantaneous centre is distant 

-h 4<^2 

6 b 

from AB. Subsequently the centre moves with a velocity v 
parallel to the impulse and the body rotates with angular velocity 
<u, the relation between them being 

6 bv = {a^ 4- b^)(x}i] 

14. A uniform square lamina ABCD lies on a horizontal plane, and is 

free to turn about the corner A, which is fixed. A blow is struck at C along 
the edge CD. Prove that there is an impulse at A which bears to the blow 
the ratio V10 to 4. {London B,SCy 1910.) 

[The components, parallel and perpendicular to the blow, of the 
action on the hinge, are respectively i and f of the impulse of 
" the blow.] 
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15. Two equal uniform rods AB, BC, each of mass w, are jointed at B 
and make an angle 2a with each other. They are set in motion by a blow 
P along the bisector of ABC. Show that the initial velocity of B is 

2 P 

w(i -f 3 cos 2 a) 

{Manchester University^ 190 5 -) 

['Ihe result follows from two equations, one for the motion of the 
centre of mass of both rods, and the other for the moment of 
momentum of either rod about the hinge.] 

16. A uniform solid hemisphere is rotating with angular velocity a> about 
a diameter of its base when the end of the radius perpendicular to the base 
becomes suddenly fixed ; prove that the hemisphere then begins to rotate 
about a certain line with angular velocity 

{London Honours Maths,, 1907.) 

17. A uniform rod AB is suspended horizontally by two inelastic 
strings attached to its ends. Then the rod is lifted vertically and allowed 
to drop from rest in a horizontal position. Owing to a very slight difference 
in the lengths, the string at the end A becomes tight just before the other. 
If V is the velocity of the rod just before the strings become tight, show that 
there is first an impulse of \mv at A, and immediately afterwards simul¬ 
taneous impulses of \rnv and \mv at B and A respectively. 

18. Draw AB inclined at a given angle to the vertical and BC horizontal 

in such a way that A is above the prolongation of CB. Let AB represent 
a thread fastened to a fixed point at A and to a heavy particle at B ; the 
particle is kept in position by a thread along BC. After a time the thread 
BC breaks. Show that the weight of the particle is a mean proportional 
between the tension in AB before BC breaks and the tension immediately 
after BC breaks. {Board of Education, Sta^c^e II., 1897.) 

19. A uniform rod can turn about a horizontal hinge at one end. It is 
supported at an angle a to the horizontal by a prop at the other end. If the 
prop is suddenly removed, find the vertical and horizontal components of 
the initial reaction at the hinge. 

[The vertical and horizontal components are n^^{i — } cos2 a) and 
cos a sin a respectively.] 

20. A uniform square lamina ABCD is suspended by vertical strings 

attached to A and B, so that AB is horizontal. If one of the strings is cut, 
prove that the tension in the other is instantaneously changed in the ratio 
4:5. {London B.Sc., Honours, 1909.) 

21. A uniform circular hoop is suspended with its plane horizontal by 
three vertical strings attached 10 equidistant points of the hoop. If one of 
the strings breaks, show that there is no sudden alteration in the tensions 
of the other two. 

22. A uniform circular disc is suspended with its plane horizontal by 
three vertical strings attached to equidistant points of its rim. If one of the 
strings breaks, show that the tension in each of the other strings is suddenly 
diminished by one-fourth of its value before the string broke. 

23. A solid hemisphere is suspended with its base horizontal by three 
vertical strings attached at equidistant points of the rim of the base. If one 
string breaks, prove that the tension in each of the others is suddenly 
diminished to of its value before the string broke. 

24. A uniform square plate ABCD is suspended by two strings which 
join A and B to fixed points. The side AB is horizontal, and each string 
makes an angle of 45® with the vertical. If one stiing is cut, show that the 
tension in the other suddenly drops to one-quarter of its equilibrium value* 
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25. If the strings in the last question had been inclined at a to the hori¬ 
zontal, show that the breaking of one string would have instantaneously 
reduced the tension in the other in the ratio 4 sin2 a to (5 + 3 sin 2a). 

26. Two rods AB, CD, each of mass w, are connected by equal strings 
AC, BD, the angle ABD being 30°. The system is supported with the rods 
horizontal by a fixed horizontal axis through the middle point of AB. If 
one string be cut, show that the initial tension in the other is 

(Board of Education^ Honours^ 1907.) 

[The result is the same whether the strings are crossed or not.] 

27. Two particles with given masses are moving in parallel lines with 
equal velocities, and are connected by a straight string of negligible mass. 
A given point on the string strikes against a smooth peg perpendicular to 
the plane of motion. Find the initial tension of the string and the initial 
acceleration of the string across the peg. 

(Manchester IJniversiiy^ Honours Maths.^ 1905*) 
[Let m and m! denote the masses, r and their initial distances from 
the peg, V their component velocity perpendicular to the string. 
Then the tension and acceleration are respectively 

mid(r + (rm! — T 

F tn )rf '~\m -f ni!)yr 'J 




CHAPTER XXIII 


MOTION IN THREE DIMENSIONS OF A RIGID 
BODY WITH A SYMMETRICAL AXIS 

466. In the first chapter we dealt with the addition and subtraction of 
simple vectors, and we gave some general principles relating to all 
vectors. We are now going to consider some quantities which have 
all some principle of rotation in them, and which we shall show to be 
i^ectors. What we have to show is that these quantities are added by 
the parallelogram rule. 

Suppose a rigid body has an angular velocity about a fixed axis in 
space. This angular velocity is completely defined when its magnitude, 
the axis of rotation, and the direction of rotation are given. The same 
three elements, namely, a magnitude, a line, and one of two directions, 
are required to fix a simple vector such as a linear velocity. And just 
as there are two directions of motion along a straight line, so there are 
two directions of rotation about a given axis. It is clear, then, that a 
line drawn along the axis of rotation could represent an angular velocity 
about that axis, and the direction in which the line is drawn from a 
given starting-point can be made to indicate the direction of rotation. 
The usual convention concerning the relation between the direction of 
the vector and the rotation it represents is this:—If a right-handed 
screw, having its axis on the axis of rotation, worked in a fixed nut, the 
direction of the vector representing any rotation about the axis is the 
direction in which a point on the axis would move in consequence of 
the rotation. 

467. A body is said to have simultaneous angular velocities and 
CU 2 about two different axes provided its displacement in any infinitely 
short interval of time dt is the same, to the first order in dt^ as if it had 
been turned through and about the two axes in succession. 

This may be expressed in another form thus :—A body has simul¬ 
taneous angular velocities (Oi and cog about two different axes if the 
velocity of every particle of the body is the resultant of the velocities 
due to the rotation about each axis separately. 

We shall now show that two simultaneous angular velocities are 
added by vector rules, and that the resulting motion is a rotation about 
another axis. 

Let a rigid body have simultaneous angular velocities represented 

—I 

by the vectors OA and OB, whose magnitudes are a and jS. And lei 
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P be any particle of the body which is, at the instant considered, in the 
plane AOB. We shall show that the rotations are equivalent to a 


rotation about OC, and represented by 
of the perpendiculars from P on OA 
and OB. 

After interval of time P 
is raised ])erpendicularly out of the 
plane AOB by an amount (pa + 
due to the two rotations; and this 
will be true for all positions of P, 
provided we consider the perpen¬ 
dicular on either of these vectors 
to be positive or negative according 
as P is on the left or right of the 
in the figure both perpendiculars 
exactly the same in magnitude as the 

forces represented by OA and OB, 


OC. Let p and q be the lengths 


P 



Fig. 206. 

vector. In the position shown 
are positive. But pa -h is 
sum of the moments about P of 

an|i we have proved previously 


(Art. 60 ) that this sum is equal to the moment of the resultant OC. 
That is, 

/a -f = r. OC 

where r is the length of the perpendicular from P on OC, with the 
same,rule regarding its sign as we have given for the signs of p and q. 
Thus the displacement of P in the interval ///is r. OC . It ])erpendicular 
to the plane AOB, and this is exactly the displacement due to an 


angular velocity represented by OC. Therefore the displacement of 


any point in the plane AOB due to the angular velocities OA and OB 


is the same as the displacement due to the angular velocity OC. But 
the position of three non-collinear points of a rigid body will fix the 
position of the body. Consequently, since the particles in the plane 
of the axes are brought into the same position by the rotation about 
OC as by the rotations about OA and OB, it follows that the whole 
body is brought into the same position. That is, the angular velocity 


OC is the exact equivalent of the angular velocities OA and OB. Thus 
angular velocities are added by vector rules. 

By a successive application of the preceding argument it can be 
shown that the effect of any number of simultaneous angular velocities 
is the same as the effect of their vector sum. 

If the point P lies on OC the perpendicular q is negative, and pa -p qp 
is zero. This shows that OC is at rest, and proves more directly that 
OC is the axis of rotation. 

The axes OA and OB need not be fixed in space. They need only 
be instantaneous axes of rotation. If OA and OB are not fixed in 
space, then OC will not generally be fixed. 

The following is an example of a body rotating about two axes at 
the same time. 
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A top is spinning about its axis of figure, which is inclined to the 
vertical at an angle a, and rotating about that vertical. Suppose the 
direction of spin to be such that the vector representing the angular 
velocity is drawn upwards along the axis. Suppose also that the axis 
of the top itself is rotating about the vertical with an angular velocity cu 
in the direction represented by an upward vector. If n is the angular 
velocity of the top about its axis, the horizontal and vertical components 
of the total angular velocity of the top are ;/sina and wcosa + cu. 
Hence the resultant angular velocity is 

ij \n^ sin2 a + {n cos a -{- == V -f- + 2 //a> cos a} (i) 


and the axis of this rotation makes an angle 6 with the vertical 
given by 


tan 6 = 


7t sin a 

71 cos a 4* ct> 


( 2 ) 


and it is in the vertical plane containing the axis of the top. 

If CO and n are constant, the axis of the top and the axis of resultant 
angular velocity describe cones about the vertical axis. 

468. Moment of a Vector about any Axis.—Vectors which are 



O on the line of the vector 


situated in definite lines, such as 
forces, momenta, and accelerations, 
have moments about any axis. We 
have already had examples of 
moments of forces and moment of 
momentum, but in these cases the 
axes were always perpendicular to 
the planes of the vectors. We are 
now about to extend the definition of 
the moment of a vector. 

Let OV be any vector in space 
and AB any line. From any point 
the perpendicular is drawn to 


the line AB. The vector OV is resolved into three components 

OP, OQ, OR, the first along AO, the second parallel to AB, and the 
third perpendicular to the plane of the other two. Then the moment 

of OV about AB may be defined as the product of AO and the com¬ 
ponent OR. In the language of the earlier part of this book it is the 
moment of the vector OR about the point A. This is, of course, the 

same thing as the moment of the resultant of OP and OR about A. 
If p is the length of the common perpendicular to AB and OV, pro¬ 
duced if necessary, it is easy to show that the moment defined is 

/. OV sin for the resultant of OP and OR is OV sin 0, and the 
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perpendicular from A on this resultant vector is the perpendicular 
from A on the plane QOV which is equal to the common perpendicular 
p between OV and AH, from which it follows that the moment of 
OV sin Q about A is / . OV sin 

In the next article we shall show that the moments of a given vector 
about different axes passing through one point may be regarded as the 
components along these axes of a certain vector which we shall call the 
resultant moment for that point. 

469. Moments of a Given Vector abouL Lifferent Axes through a 
Given Point. —Let A be the given point and V the given vector, and 
let the perpendicular distance AP from A 
on V be denoted by p. Z 

Let two equal and opposite vectors, 

V and —V, be introduced at A, each 
parallel to the given vector V, just as was 
done with forces in Art. 71. By analogy 
with Statics we shall call the pair of vectors, 

V at P and —V at A, a couple; if we are 

dealing with forces it will be a force-couplc, 
if with momentum it will be a momentum- Fkc 208 

couple. We could likewise have velocity 

and acceleration couples if we needed them. Then the original vector 

V at P is equivalent to an equal vector V at A, together with a 
couple which can be represented by a vector of magnitude M — /V 
along the normal AZ to the plane of the couple, that is, the plane 
containing the point A and the vector V. This method of representing 
couples has already been explained in Art. 67. 

We can get all our rules for couples of any kind from the rules for 
force-couples, since the proofs are the same for all couples. For 
example, the component of the couple M about any line AK inclined 
at an angle with AZ is M cosef) — pY cos^, the other component of 
M being at right angles to AK, Now, the component M cos^ must 
be the moment of V about AK : for the vector V at P can be resolved 
into components respectively parallel and perpendicular to AK, and 
these can be transformed, like the vector V itself, into a pair of vectors 
at A together with a pair of couples. Clearly the pair of vectors at A 
must have a resultant V, and the pair of couples obtained in this way 
must have a resultant M. It is clear also that the vectors of this pair 
of couples are respectively per])cndicular and parallel to AK, and the 
one parallel to AK must be the component we obtained previously, 
the magnitude of which was pY cosef. But the moment of this latter 
couple is (by the definition given in the last Art.) the moment of the 
vector V about AK, Thus we have arrived at the conclusion that the 
moment of a given vector V about any axis AK through a fixed 
point A is the component along AK of the moment of the couple 
formed by the given vector V and another vector —V acting at the 
point A. This last couple, of magnitude pY, we may regard as the 
resultant moment of the vector V about the point A. 

As an illustration of the theory of this article, of which we have 
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already made use, we refer to the beginning of Chapter III., where we 
replaced a force F, which had components X, Y, Z, acting at the point 
X, y, by a force F at the origin O and three component couples of 
moments (yZ — zY), (zX — xZ), (xY —yX). These three com¬ 
ponent couples are the moments of the given force F about OX, OY, 
OZ respectively. 

The resultant couple at O is what we may call the resultant moment 
at O of the force F. This resultant moment is, as we see, really the 
moment of a force-couj)lc when F is a force, and it would be the moment 
of a momentum-couple if the vector F were the momentum of a 
particle passing through the point x^ >*, z. 

For a given vector F acting along a fixed line we see that there is a 
definite couple vector associated with every point A in space. For 
the general vector V the couple vector has a magnitude pV, and its 
direction is perpendicular to the plane of A and the vector V, and this 
vector we have decided to call the resultant moment of V about A. 

470 . Moment of any Number of Vectors. —If any number of 
vectors Vj, V2, etc., of the same sort, acting along fixed lines, be each 
replaced by an equal vector at A and its associated couple Cj, Co, etc., 
the resultant of the couple-vectors is a single couple C, which is the 
vector sum of the moments of all the vectors about A, and may there¬ 
fore be regarded (or rather defined) as the resultant moment of all the 
vectors at A. So the original vectors Vj, V2, etc., can be replaced by 
a single vector V at A (which is the resultant of the vectors Vj, V2, 
etc., acting at A) together with a single couj^le C. We have already 
shown how that can be done analytically for forces in Art. 82. Since 
the sum of the moments of all the vectors about any axes through A 
is the sum of the components of Ci, C2, etc., along this axis, it follows 
by the method of Art. 38 that this sum is correctly given by the com¬ 
ponent of the couple vector C along this axis. 

To recapitulate : Any number of vectors in space are equivalent 
to a single resultant vector of the same sort at any given point A 
together with the couple-vector C associated with A. The sum of the 
moments of all the vectors about any axis through A is merely the 
component of C along that axis. 

471 . The Momentum Vector of a Rigid Body. —Let a particle A 

of a rigid body have component velocities Ui, parallel to the 

three co-ordinate axes AX, AY, AZ; and let the component angular 
velocities of the rigid body about these axes be a>i, a>2> the resultant 
being Q = VojC^ + + ^^3^* Also let x, y, i, be the co-ordinates 

of the centre of mass of the body. Then the velocity of the particle m 
situated at x, y, z is the vector sum of the velocity of A and the velocity 
due to the rotations. Let us consider first the £:-component velocity 
of the particle which is situated at the point {x, y) in the x-y plane. 
Due to the rotations this velocity is clearly ycji — xo}^^ so its 
whole 0-component velocity is But every particle 

of a rigid body which lies on a line parallel to the 0-axis at any instant 
must have the same component velocity in the 0-direction; otherwise 
the particles would not remain at the same distance apart, and the 
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body is not a rigid body unless the particles do remain at the same 
distance apart. It follows, then, that the particle m, situated at x, jk, Zy 
has the same component velocity in the j 8 :-direction as the particle at 
(Xy yy 6 )y namclv, -\~ywi — xw2. Hence the components of the 
momentum of this particle are seen, by cyclic changes, to be 

m(ui + zcx}2 — m(u2 + xco-;^ — zcoi), m(u2 + y^i xo)^. 

The moment of this momentum about the ^-axis is 

xm{u2 + xoj^ — zoji) -~ym(ui + zcj 02 — y(JO^) 

“ m{xu2 — yu{) + ot>3w(a;2 -\- y"^) — wimxz — 

Therefore the total moment of the momentum of all the particles about 
AZ is 

Em(xu2 — y^i) + oj^Dmipc^ y^) — ojiEmxz — oj2Emyz 

== xyiu2 yyiui -j" 13^3 — ^13^1 ^23^2 * (^) 

where the I’s denote moments and products of inertia and M is the 
total mass. 

There are two simple cases in which this last expression reduces 
to the terms containing the angular velocities only. They are 

(i) when the particle A is at rest, whether instantaneously or per¬ 

manently ; for then Ui ~ U2 — o ] and 

(ii) when A is the centre of mass of the body, whatever be its 

velocity, for then x ~ y o. 

In these two cases the components of the momentum couple of the 
whole rigid body for the point A about the three axes reduce to 

(IlCUi — Ii2^2 Il 3 ^ 3 )| 

(120)2 — 123^3 ““ Il2^l) j . . . * . (2) 

and (13^3 — ^13^1 — -^23^2); 

respectively. 

If the axes AX, AY, AZ, are the principal axes of inertia at A, 
then Ii2 = l23“Ii3==o> consequently, in the two cases just 
mentioned, the components of the momentum couple associated with 
A still further reduce to Iicu^, l20»2, and I3CU3 respectively. Then the 
resultant couple is 

C = + I32CO32 . ... (3) 

and the vector representing this couple makes with the principal axes 
angles y, given by 

C cos a = Iio^i, C cos ^ ” l2^2> ^ y == 130)3 ♦ (4) 

It should be remarked that the axis of the couple C does not 
usually coincide with the axis of resultant angular velocity jQ, for this 
latter axis is inclined to the principal axes at angles a’y j8', y', given 
by 

Q cos o! = 0)1, Q cos jS' = 0)2, cos y' == 0)3 . . (5) 

Only ifli — I2 = l8 could the directions of Q and C coincide. 

Having found the momentum couple we shall now find the 
momentum vector at A. 


2K 
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The .T-component of the momentum vector at A is 

z 0)2 —'yo)<^) — ~\~o) 2 Umz — o}^^I!my | 

+ Mco2i -- Mo)2y ) ^ 

Now let us assume for the moment that A coincides with the centre 
of mass, and let us write Ui for ui in this case. Then the above com¬ 
ponent of the momentum reduces to Mwj. Likewise the other two 
components are M«2 Mf/3. If, then, V denotes the velocity of the 

centre of mass it is clear that th(' resultant momentum vector is MV 
and is in the direction of V. It is also clear that this resultant is inde¬ 
pendent of the position of A, because the magnitudes and directions 
of the vectors were not altered when they were moved to A in the 
summing process. 

It is now easy to see that the simplest representation of the momen¬ 
tum vector is by means of a vector MV acting at the centre of mass G 
together with the couple C given by (3). To get the momentum 
couple for any other point B we need only add the couple C to the 
couple obtained by shifting MV from G to B. If this resultant couple 
vector is , then the moment of the momentum of the whole rigid 
body about any axis through B is given by the component of 
along that axis. 

While, of course, we could use the method described in the last 
paragraph to get the momentum couple for a fixed point A of the 
body, it is, nevertheless, easier to get it directly by using the principal 
axes at A. The momentum couple for the point A is similar to that 
for the point G, but it involves the principal axes and princij)al 
moments of inertia at A instead of the corresponding principal axes 
and principal moments of inertia at G. 

If the centre of mass G is at rest it should be noticed that the 
momentum vector through G vanishes, leaving only a momentum 
couple, which has the same moment about all parallel axes. 

47 <!. One of tlie fundamental principles in the dynamics of a 
particle moving in one plane is that the rate of increase of the moment 
of momentum of the particle about any point in the plane is equal to 
the moment about that point of the forces acting on the particle. We 
shall now extend this principle to three-dimensional motion. 

If the co-ordinates, at any instant, of a particle of mass m referred 
to three mutually perpendicular axes are y-, 0, and if forces whose 
components parallel to the axes are X, Y, Z, act on the particle, then 


d^x 

^ dl'^ — X . . . , 

• • . • (l) 

m \ . . . . 

.... (2) 

dH „ 

= Z . . . . 

• • . • ( 3 ) 


Multiplying both sides of (i) by —y and both sides of (2) by x, and 
adding the corresponding sides of the resulting equations, we get 
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/ d^x\ 

-■y^J = • • • ( 4 ) 

This can be written 

d / dy dx \ 

-y^ .... (5) 

The right-hand side of (5) is the moment of all the forces acting on 
the particle about the axis of z ; and the left-hand side is the rate of 
increase of the moment of the momentum of the particle about the 
same axis. Since the j3:-axis can be in any position we choose, equa¬ 
tion (5) shows, therefore, that t/te rate of increase of the moment of 
momentum of a particle about any fixed axis is equal to the moment 
about the same axis of the forces acting on the particle, 

473. If we are dealing with several particles, whether connected or 
not, we should get an equation similar to (5) for each particle. By 
summing all these equations, we get 

—i;(a:Y-jvX) . . . (i) 

The moments of the interactions between the particles will 
disappear from the right-hand side and only the moment of the 
external forces will be left. The left-hand side of (i) is the rate of 
increase of the moment of momentum of the whole system of particles 
about the axis of z. It follows, therefore, that the f)riiiciple stated at the 
end of the last article remains true if we replace the word “ partic'le ” by 
** system of particles.’’ A system of particles includes a rigid body 
or several rigid bodies. 

474 . Change of Moment of Momentum of a System of Bodies about 
Axes through their.Centre of Mass.—The theorem of the last article 
is true, not only for fixed axes, but for any axis through the centre of 
mass of the body or system of bodies with which we are dealing. The 
proof is exactly the same as in Art. 403. 

If the system we are dealing with consists of several rigid bodies we 
need to know the moment of momentum of a rigid body about any axis. 
In Art. 471 we showed how to represent the momentum by means of 
a couple and a vector passing through G, and from this it follows that 
the moment of momentum of a rigid body about any axis is equal to 
the moment of momentum of a particle of the same mass moving with 
the centre of mass of the body together with the moment of momentum 
of the rigid body, due to its rotation only, about a parallel axis through 
its centre of mass. 

We will now state the conclusion at which we have arrived. 

The rate of increase of the moment of momentum of any system oj 
bodies^ either about a fixed axis in space or about an axis through the 
centre of mass of the system^ is equal to the moment about the same axis 
of the external forces acting on the system, 

475 . If the external forces have no moment about the centre of 
mass, then the moment of momentum about any axis through the centre 
of mass rem^mw unaltered. Thus, if we suppose that each member of 
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jjhe solar system is acted on by no forces except the attractions of the 
other members, then the external forces on the system are zero, and 
therefore the moment of momentum of the whole system about any 
axis through the centre of mass remains constant. It follows, therefore, 
that the resultant moment of momentum at the centre of mass is con¬ 
stant in magnitude, and its axis has a fixed direction in space. The 
plane perpendicular to this axis through the centre of mass of the system 
has no motion in space except the uniform motion of the centre of mass. 
It is the nearest approach to a fixed plane that we know, and for this 
reason it is called the invariable plane of the solar system. It nearly 
coincides with the plane of Jupiter^s orbit. 

We may apply the principle of this article to the earth itself. The 
forces exerted on the earth pass very nearly through its centre of mass, 
the small deviations being due to the equatorial protuberance of the 
solid earth and to the tidal protuberances. It follows, then, that the 
moment of momentum of the earth about its axis of rotation at any 
instant remains nearly constant for a long period of time. The axis of 
rotation at any instant means, of course, a line whose direction is fixed 
in space and is the same as that of the axis of rotation at the given 
instant, and which always passes through the centre of mass. If the 
earth is shrinking its moment of inertia is diminishing, and therefore its 
angular velocity must be increasing to keep its moment of momentum 
constant. 

476 . When a body rotates about a fixed axis passing through its 
centre of mass, the student will probably jump to the conclusion that 
this axis must be the axis of resultant moment of momentum at the 


centre of mass. To avoid this error, and also to give a concrete example 
of moment of momentum, we shall consider the motion of a very simple 
rigid body about a fixed axis. 

A rigid body, composed of two equal heavy particles and a rod of 



Fig. 210. 


negligible mass joining them together, 
rotates about a fixed axis through the mid¬ 
point of the rod, so that the rod describes 
V a cone and the particles describe equal 
circles. 

Let m be the mass of each particle, 
V its velocity. Then the momentum of 
each particle is mv. Let / be the length 
of the rod, r the radius of the circular path 
of a particle, and a the angle of the cone. 
Then the moment of momentum of each 
particle about the axis of rotation is rmv^ 
and the moment of momentum of the rigid 
body about this axis is therefore 2rniv. 
Now, it is obvious that the whole momen¬ 
tum reduces to a momentum-couple, the 
axis of which may be taken as GA, which 


is perpendicular to the rod and in the plane of the rod and the axis 
of rotation. The total moment of momentum about this axis GA 
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is ImVy and this is the resultant moment of momentum at G. If we 
resolve this along the axis of rotation we get 

Imv sin a — 2 . GP . sin a . mi^ =- 2rmv, 
which agrees with the result obtained by taking moments directly. 

If V is constant the moment of momentum about the axis of 
rotation remains constant. But the component perpendicular to the 
axis of rotation, although its magnitude remains constant, rotates in the 
same time as the rod. The magnitude of the perpendicular component 
is Imv cos a ; and if cu is the angular velocity of the rod, its rate of 
increase is Imv cos a . a>, by Art. 270. Moreover, the direction of this 
rate of increase is perpendicular to the vector Imv cos a and in the 
plane in which the vector rotates, that is, it is perpendicular to the 
plane PGC.^ But the rate of change of moment of momentum about any 
axis is equal to the moment of the forces about the same axis. There 
must then be some forces acting on the system which have a moment 
about the line through G perpendicular to the plane PGC. These 
forces might be applied to the particles themselves. If a downward 
force were applied to the low^r particle and an upward force to the 
upper particle, the system would be exactly similar to two conical 
pendulums one of which is upside down. If F is the force applied to 
each particle, the principle of Art. 474 gives 

2rF ~ Imvoj cos a .(i) 

But V — roj. Hence 

F ~ Imcjoy cos a .* (2) 

Writing A for 1/ cos a, the height of each cone, 

F ~ mkci}^ .(3) 

This is exactly what we should get by considering the circular 
motion of each particle, dealing with it in the same way as we deal with 
a conical pendulum. 

477. A body with an axis of symmetry has a constant spin about 
this axis, and in addition this axis itself describes a circular cone 
at a constant rate about a fixed axis in space. To find the forces 
necessary to maintain this motion. 

Let OP and OQ be the axes fixed in 
space and in the body respectively, 0 the 
angle between them. Let the angular velocity 
of the body be equivalent to two components 
oj and n along OP and OQ respectively. 

The angular velocity of the plane POQ 
about OP is co. The angular velocity n 
is not so easy to realize, and therefore 
we will state clearly what it is. When a 
body has simultaneous rotations about two 
axes, the motion of a particle on either axis 
is entirely due to rotation about the other. 0 

Consequently, the angular velocity about OQ Fro. 211. 
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is the angle between two planes, fixed in the body and containing 
OQ, which pass across OP at intervals of a second. 

Let A denote the moment of inertia of the body about OQ, B 
its moment of inertia about an axis through O perpendicular to OQ. 

Let OR be taken perpendicular to OQ in the plane POQ. Then 
the angular velocity cu may be resolved into two components, co cos ^ 
along OQ and co sin Q along OR. Thus there is (n (xi cos d) along 
OQ, and co sin 6 along OR, and these are equivalent to the given 
angular velocities. 

Since OQ and OR are principal axes at O the results of Art. 471 
show that the components of moment of momentum about these axes 
are A(n + co cos 0 ) and Bco sin 0 . Since there is no angular velocity 
about the third principal axis it follows that the horizontal component 
of the moment of momentum is 

A(n 4 " ^ cos 0 ) sin 0 — Bco sin 0 cos 0 .... (i) 

in the direction of the projection of OQ. This vector rotates with an 
angular velocity co, and therefore its rate of increase is the product of 
the vector and co. The direction of the vector representing the rate of 
increase is parallel to the velocity of G, and its axis is at O. There 
must then be forces acting on the body, whose moment about this axis 
through O is 

CO { A(n + ^ cos 0 ) sin 0 — Bco sin 0 cos 0 } . . (2) 

in such a direction that 0 would increase if the body yielded to the 
forces, as it would do but for its rotation. 

If 0 is a right angle, this moment is Anco ; and if 0 is zero, the 
moment is zero, as we might expect. Also the moment is constant if 
0 is constant. 

If r is the distance of the centre of mass of the body from OP, there 
is also a force M^co2 parallel to the perpendicular from G on OP. 
This is the force necessary to make G describe its circular path. 

478. Motion of a Top under its own Weight. —If the only forces 
acting on the body considered in the last article are its weight parallel 
to PQ and the reaction of the support at O, then the moment of the 
weight causes the rotation of the axis. Equating this moment to the 
rate of change of moment of momentum, we get 

Wgh sin 0 == iix\A{n + co cos 0 ') sin 0 — Bcu sin 0 cos 0 } . (i) 
where k = OG. 

Hence MgA == co{(A — B)co cos 6 + A«} ; , , . (2) 

*JT 

This gives o) when « and 0 are given. If A = B, or if 0 = the rela¬ 
tion (2) becomf } 

* ( 3 ) 


Mgh = Ana) , 
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In general there are two possible values of a* for given values of n 
and ft If a top is set spinning, and then left to itself with the end 
of its axis fixed, the motion of the axis is at first seemingly irregular, 
but it finally settles down to the sort of steady motion we have just 
been considering; and when this steady motion does occur the value 
of w has always the same sign as and is usually small compared with 
//. The actual v<tlue of oi is, in fact, approximately that obtained by 
neglecting the term containing in (2). Thus 

MoA _ 
cu = ^ ~ nearly 


M^/4 ^^It 
*“ kihi 


where k is the radius of gyration about the axis of symmetry. 

For a small gyroscope top the following are rough values for the 
quantities on which w dejiends :— 

// = inches, ^ = i inch.(4) 

If the top is spinning at 100 revolutions per second about its axis, 
then n = 20077'. Therefore 


- = 3,32 X 12 

k * 2QOTTk 2 20077 


0*916 


(5) 


and the axis makes a revolution about the vertical in 


<0 ^ .• • • (^) 

To estimate the insignificance of the term neglected in (2) for the 
particular problem just considered, we have only to notice that 
(A — B)a>cos 0 was neglected in comparison with A//, The magnitude 
of the ratio of the former to the latter quantity will be something in the 

neighbourhood of™ cos 0 , which is less than cos 0 - 

The steady motion of the axis of the top on a cone is called /re- 
cession, and we see from what precedes that this motion is possible 
under a constant force acting at a fixed point of a body spinning with 
one point of its axis fixed. But although it is possible, it is not the only 
possible motion, for there are an infinite number of modes of motion 
of the spinning top. But the steady motion considered is very nearly 
the actual motion of the top, however it is started, provided it has 
sufficient spin after frictional resistances have damped out the apparent 
irregulaiities. 

479. Motion of a Spinning Body under no Forces.— If the fixed 
point of the body considered in Art. 477 coincides with the centre of 
gravity, the resultant force on the body must be zero. The only action 
on the body will therefore be the couple whose moment is given in 
equation (2) of that article. Denoting this moment by N, 

N = cusind {A{n -p cucos 0 ) — Bcucosfl} . • . (i) 
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If this couple is zero, there are no forces whatever acting on the body. 
In this case the motion could be maintained if the body were left 
entirely to itself after being once started. To make N zero we must 
have 

A{« + CO cos^) — Bcocos^ = O .... (2) 
that is o>cos^=-j^^^.(3) 


Thus CO and n have the same or different signs according as B is greater 
or less than A. For a disc such as a penny, A = 2B, so that 

CO cos 6 = — . (4) 


The instantaneous axis of rotation always lies in the plane of the 
symmetrical axis and the fixed axis OP (Fig. 211). Consequently, this 
instantaneous axis rotates about OP with the same velocity as OQ, that 
is, CO. The resultant angular velocity about the instantaneous axis is 


+ co^ + 2nco cos 9 ) 


( 5 ) 


The instantaneous axis always makes an angle <f> with the axis of 
symmetry such that 

, CO sin ^ 

tan 0 =-— 

^ CO cos (7 4- « 


^ tan 0 by (2) 


( 6 ) 


Thus if a body with a symmetrical axis is set spinning about a line 
inclined at an angle <f> with its symmetrical axis, and is then acted on 
by no forces, or only by forces at its centre of gravity, this symmetrical 
axis will describe a cone about a line which has a fixed direction in 
space and is inclined to the symmetrical axis at an angle 6 given by (6). 
This fixed line in space is the axis of resultant moment of momentum, 
and we shall refer to it as the fixed axis. 

The instantaneous axis of rotation describes a cone in the body 
itself, since it always makes an angle ^ with the symmetrical axis. 
Now any plane in the body containing the symmetrical axis passes 

277 

through the fixed axis once in every — seconds. And, since the 

instantaneous axis is always in the plane containing the fixed axis and 
the symmetrical axis, it follows that the instantaneous axis returns to the 

277 

same position in the body once in every “ seconds. 

When the angular velocity of the body is expressed as two com¬ 
ponents, one along and one perpendicular to its axis, the component 
along its axis is (« +cocos^). Calling this j, equation (2) gives 

ft> cos ^ rri* 


( 7 ) 
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480. Free Motion of the Earth’s Axis.— The earth is a body with 
a symmetrical axis which very nearly coincides with the axis of rotation. 
Owing to the equatorial protuberance of the earth the sun’s and moon’s 
attractions do not exactly pass through its centre of mass. The 
moments of these attractions about the centre of mass cause the earth’s 
axis to describe a cone about the normal to the ecliptic in a period of 
about 25,700 years. This motion of the axis is called the precession 
of the axis. 

But besides this very slow motion, which we may neglect for the 
present, there is very much quicker motion of the axis, the free motion 
investigated in the last article. This free motion is a consequence of 
the fact that the instantaneous axis of rotation does not coincide with 
the symmetrical axis. That this free motion does exist is considered 
to be established by a certain periodic variation of observed latitudes 
which is believed to have been discovered. 1‘he latitude of a place, as 
given by observations, is the complement of the angle between the axis 
of rotation and the radius of the earth through that place. Then, since 
the axis of rotation describes a cone in the earth with semi-angle it 
follows that the largest arid smallest observed latitudes at any place on 
the earth will differ by 2<J^, the whole angle of the cone. That is, there 
is a periodic variation of all latitudes of amplitude and the period of 
this variation is the period in which the instantaneous axis of rotation 
describes its cone in the earth’s body. This period is, as proved in the 

last article, —; and it is stated that observations give ^ = 0*148". 

Now, by the theory of the precession of the earth’s axis and obser¬ 
vations on its motion, it is found that 

A 

^ =310 about. 

But tan <;6 = g tan B, by (6), Art. 479, 

or, since the angles are very small, 

4 > 

Thus B is very slightly less than (j). 

By the last article 

ct) cos B 

On account of the extreme smallness of B we may take cos^ = i. 
Then we get 

A - B I 

ft ^^ -CO =-CO 

A 310 

The difference in sign of co cos B and n only means that the rotations 
are in opposite directions; that is, the vectors representing co and » 
make an obtuse angle with each other. 
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Let a>jL denote the resultant angular velocity of the earth. Then 

€0^2 = 0)2 4- 722 2;/a> cos 6 

= (oj -f «)2 nearly 
CDj = O) 4 ” « 

= (~3io 4-i)« 

Therefore 

Now the period of the variation of latitudes should be exactly 

27 r , . , 27 r 

— , which = 300 — nearly 

— w’ ^<X)I ^ 

- 309 days. 

Since the instantaneous axis is always in the same plane as the fixed 
axis and the axis of figure, it follows that the period in which the instan¬ 
taneous axis describc?s its cone in space is the same as the period in 
which the axis of figure describes its cone in space, and this is 

27 r 277 

oi “ ^lon 

= of a day. 

Also a figure will show that the resultant of n and co, lies beyond 
the fixed axis from the axis of figure and makes an angle {<f> — 9 ) with 
the fixed axis. This is an extremely small angle, being only about 
0*0005". 

But the observed period of variation of latitudes is about 428 days. 
The discrepancy is supposed to be due to the elastic yieiding of the 
earth. The instantaneous axis does not coincide with the axis of figure# 
for the rotation about the instantaneous axis causes the earth to change 
its shape in such a way that the axis of the equatorial bulge is nearer 
the axis of rotation at any instant than it would be if the earth were 
perfectly rigid. 

481. General Motion of a Spinning Top. —It was shown in Arts. 
477 and 478 that a possible mode of motion of a spinning top is one in 
which the spin remains constant and the axis of symmetry of the top 
describes a cone about the vertical at a uniform rate. But it is obvious 
that the top will have to be started in a particular way in order that it 
may assume this motion. It is true that, in most actual cases, friction 
eventually reduces the motion to the sort of motion considered in Art. 
478. But we liow want to consider the motion when friction does not 
act, or before friction has liad time to destroy the effect of the initial 
motion of the symmetrical axis. 

Firstly, let us examine the motion supposing the weight did not act 
If the end of the axis of the top is fixed and no forces act except the 
reaction at the point of support, the resultant moment of momentum at 
that point will remain constant If A and B are the principal moments 
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of inertia at the end of the axis, it may be shown, exactly as in Art. 479, 
that the symmetrical axis of the body will generally rotate about some 
axis through the fixed point with an angular velocity coi given by 


coi cos 0i 


A 

b' 


(0 


This is the same equation as (7), Art. 479, and the only difference 
is that here it is not the centre of gravity but the end of the axis that is 
fixed. 

Here 0 i means the semi-vertical angle of the cone described by the 
axis of the top. If this angle is small, we may take 

A 

= —.(2) 


Now, the actual motion is a combination of the precessional motion 
of Art. 478 and the free motion just explained. If the top is started 
in such a way that 61 is small, the axis of the top describes a cone of 
semi-vertical angle $1 about an axis which itself describes a cone about 
the vertical. We may explain the motion in another way by stating that 
the upper end of the axis describes a small circle on a sj)here about a 
centre which itself describes a horizontal circle. Thus the end of the 
axis describes a sort of epitrochoid on the sphere. This is the usual 
motion of the axis when a top is started in any manner. 

Suppose the top is started with its axis at rest at any inclination a 
to the vertical. If we think of the axis of the top as rigidly attached to 
the small cone of semi angle it is clear that this cone must be rolling 
on the cone which has a vertical axis and semi-angle a, for in no other 
way could the axis of the top be at rest. Or, from the point of view of 
the circles on the sphere, the free end of the axis of the top lies on the 
circumference of the circle which rolls on the horizontal circle whose 
radius subtends an angle a at the centre. Thus the epitrochoid becomes, 
in this particular case, an epicycloid. If a is approximately a right 
angle, the portion of the sphere on which the end of the axis moves is 
nearly cylindrical, so that the epicycloid is approximately a cycloid on 
the flattened-out surface of this portion of the sphere. 

If CO is the precessional angular velocity of the axis about the vertical, 
equation (3), Art. 478, gives 

(O = nearly.(3) 

♦ ... X 

But here n is very nearly the same thing as s in equation (2) above. 
For the quantity in Art. 478 which corresponds to j is («-f-co cos 0 ), 
and CO is usually small compared with n. Hence we find 


<o = nearly 


(4) 


488. Motion of a Spinning Projectile. —An elongated projectile 
fired from a rifled gun emerges with a spin about its long axis. If it 
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were not for the resistance of the air it would continue to spin about 
this axis, and the direction of the axis would remain fixed in space. 
Now in consequence of the downward curvature of the path of the pro¬ 
jectile, the axis of the shot is soon pointing in a direction above the 
direction of motion of the centre of gravity. It is well known that when 
any surface of a projectile is inclined to the direction of motion the 
pressure on the forward portions is greater than that on the hind portions. 
In consequence of this, the air exerts a resultant force on the shot which 
has a moment about the horizontal axis through the centre of gravity 
perpendicular to the direction of motion, the effect of which would be 
to turn the nose of the shot to a still greater inclination to the hori¬ 
zontal if it had no spin. But the effect on the spinning shot is to turn 
its axis about the line of motion in the same sort of way as the axis of 
a top turns about the vertical. If the spin of the shot is right-handed, 
the nose will begin to turn towards the right from the point of view of 
the gunner, and if the spin is left-handed, the nose will turn towards the 
left. If the nose is turned towards the right, the air-pressure on the left- 
hand side of the shot causes the centre of gravity to veer towards the 
right also. The centre of gravity of a spinning projectile does not, 
therefore, move in a vertical plane, but deviates to the right or left, 
according as it has a right-handed or left-handed spin, 

A similar effect is produced on a disc, such as a penny, thrown into 
the air with a spin about its axis, the direction of motion of the centre 
of gravity being initially up the plane of the disc. If AB is the central 

section of the disc in the plane of motion, MN the direction of motion 
a short time after projection, the resultant of the air-pressure is at some 
point C above the centre of gravity of 
the disc. If the disc is thrown with the 
right hand and its spin is generated by 
rolling it along the finger as one throws 
it into the air, the spin and the initial 
moment of momentum are represented 
by vectors directed downward from the 
disc and perpendicular to it. Conse¬ 
quently, the moment of P, the resultant 
thrust, turns the moment of momentum vector towards the right at 
first. Then the greater pressure on the forward right side of tl^e disc 
causes it to deviate towards the left from the point of view of the 
thrower. 

483. Bate of Change of Spin about j^he Symmetrical Axis.— 
We have shown that the rate of increase of a constant vector V, 
rotating with angular velocity oi about a line perpendicular to the 
vector, is Vm perpendicular to the plane containing the vectot and the 
axis of rotation of the vector. If the vector V is not constant its rate 

dN 

of increase has, in addition, a component along the direction of the 

vector. This was proved in Art. 270, or it can be got by using the 
hodograph method. 
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Let G be the centre of mass of a body which has a symmetrical 
axis, and let GX, GY, GZ, be three mutually rectangular axes fixed in 
direction but following the centre of mass. Suppose GX coincides 
witii the position of the symmetrical axis at a certain instant, and let 
the component angular velocities of the body at this instant be s about 
GX, 7 ] about GY, and zero about GZ. Then the component moments 
of momentum are Ar, Brj, and zero. 

The vector As along GX rotates about GY, and therefore the 
component of its rate of increase due to the rotation of the vector 
is along GZ. Similarly, the component of the rate of increase of Brj 
due to its rotation about GX is along GZ. It is clear, then, that the 
only term in the rate of increase of the moment of momentum about 

GX is A“. If then H denotes the moment of all the forces about the 
at 

symmetrical axis, it follows that 


.|=H 


and if H is zero for any interval of time, s must be constant during 
that interval. 

It must be remembered that s is not the n of the previous articles, 
for j = A/ 4- cos 0. 


EXAMPLES ON CHAPTER XXIII 

1. A motor-car has a flywheel parallel to the wheels of the car. If the 
fly wheel rotates in the same direction as the wheels show that its gyrostatic 
action would help the car to topple in turning a corner, whereas if it rotates 
in the opposite direction it helps to keep the car upright. 

[The action on the car is the reaction to the couple on the fly 
wheel.] 

2. A ship’s flywheel has a mean radius of 6 feet and weighs 5 tons. 
Suppose the flywheel makes 80 revolutions per minute, the direction of 
rotation being such that the bottom of the wheel moves contrary to the 
ship’s motion. What couple does the wheel exert on its bearings when the 
ship turns at a constant rate through 80® towards the right in one minute, 
and in what direction does it tilt the ship ? 

[The couple is i*io in foot-ton units, and it tilts the ship towards the 
left] 

3. On the same axle are two similar wheels spinning; with equal angular 
velocities in opposite directions. If the axle rotates with constant angular 
velocity about a line perpendicular to the axle and passing through its 
middle point, show that the wheels apply equal and opposite couples to 
the axis, and that no external force or couple is needed to maintain, this 
motion. 

4. A body which has a symmetrical axis spins about a smooth axle 
coinciding with this axis. The axle itself is rigidly attached to a rigid 
body which is free to rotate about a smooth fixed rod perpendicular to the 
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symnKitrical axis. Show that the rotation of the rigid body about the rod 
under any forces is just the same as if the first body were not spinning. 

[The rate of change of moment of momentum about the rod is equal 
to the moment of the forces about the rod. If I is the moment 
of inertia of the combined body about the rod, and w its angular 
velocity, then the whole moment of momentum about the rod is 
Ia> whether the lirst body is spinning or not. If follows that the 
spin of the first body does not affect a> nor its rate of change.] 

5. A uniform disc of mass M and radius r spins with angular velocity n 

about a thin smooth axle coinciding with the axis of the disc. The axle is 
free to turn in a vertical plane about a smooth horizontal rod passing through 
the axle at distance ir from the centre of the disc. The disc is dropped 
from the position in which its axis is horizontal. Neglecting the mass of 
the axle, find the couple exerted on the rod when the axle makes an angle 9 
with the vertical. _ 

cos B in foot-poundal units,] 

6. It was once proposed to fit a cabin on a ship which should be free 
from one component of the angular motion of the ^hip, which we will call 
the rolling motion. The cabin was supported on a horizontal axis perpen¬ 
dicular to the plane of rolling, and a gyrostat, spinning about an axis 
perpendicular to the first axis, was rigidly attached to the cabin. This 
arrangement foiled to steady the cabin. Why did it fail ? 

[The cabin turns about its axis just as freely when the gyrostat is 
spinning as when it is not spinning (see question 4). Conse¬ 
quently the gyrostat was useless.] 

7. How must the ship’s cabin mentioned in the last question be supported 
so that the gyrostat will keep it steady ? 

[It must be supported by one point, as, for example, by a chain 
attached above the centre of mass ; or by a horizontal axis, as 
was proposed, attached to a frame which is itself free to turn 
about an axis perpendicular to the first axis. The essential thing 
is that the ship must not be capable of applying a couple to the 
cabin.] 

8. Suppose that the mass of the rim of a bicycle wheel is M, and the 
total mass of its hub, spokes, and axle, is m \ and assume that the moment 
of inertia of the hub and spokes is negligible compared with that of the rim. 
Let r denote the mean radius of the rim. One end of a string attached to a 
ceiling is fastened to a point on the axle at distance c from the centre of 
mass. If the wheel spins at n revolutions per minute, at what rate does it 
precess with the axle horizontal ? 

[The axle makes revolutions per minute.] 

9. A top is formed out of a solid sphere of radius r with a thin axis 
through its centre, h being the distance of the end of the axis from the 
centre. If the top spins with angular velocity n on a smooth floor, at what 
rate does it precess with its axis inclined at a constant angle B to the vertical ? 

[Since there are no horizontal forces on the top it is the centre of 
mass that remains fixed, not the point of support. At the centre 
of mass the principal moments of inertia are each Therefore 

the equation 

{A« -f (A — B)a> cos ^}g> sin B = ^Igh sin B 
gives = Mgh^ 

from which co = -‘^1 

2 r^n J 
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10. Suppose the top mentioned in the last question were spinning with 
the end oi the axis in a small smooth cup on the top of a fixed metal rod, 
and suppose that r = i inch, h — % inches, Q = 6o°, and « = 165 radians per 
second. Calculate the two possible rates of precession. 

[Assumin.fT.ir = 32, the rates of precession are 48 and lO;^ radians per 
second.] 

11. Show that the principal moments of inertia of a thin disc are equal 
at a point on its axis distant one half of the radius from the centre. 

Suppose the disc spins about its axis at n radians per second with one 
of the two above-mentioned points fixed. At what rate will it precess about 
the vertical if its inclination is constant ? 

[The rate of precession is ^ radians per second, r being the radius of 
the disc.] 

12. A top is made of a thin uniform disc of radius r and a rod of 
negligible mass along its axis. The top spins on a smooth floor with the 
axis inclined at the angle Q to the vertical, the point of support being at a 
distance 2r from the centre of the disc. If the top precesses steadily at id 
radians per second, find the spin about its axis. 

pfhe spin j = « -f cos B “ + Ico cos 0.1 


13. A child’s hoop rolls on a horizontal plane, the centre of the hoop 
moving with a speed v \n a horizontal circle of radius r. Find the 
inclination of the plane of the hoop to the vertical. 

What would be the inclination of a skater describing an equal circle with 
the same speed ? 


. . . . —1 —1 
The inclinations are respectively tan - and tan 

.irr 



14. A uniform disc rolls on a horizontal plane, the centre describing a 
horizontal circle of radius r with a speed v» What must be the inclination of 
its plane to the vertical ? 

h-g] 


15. A body with a symmetrical axis is set in rotation with an angular 
velocity q about an axis inclined at an angle ^ to the symmetrical axis, and 
is subsequently acted on by no forces. Show that its symmetrical axis will 
describe a cone with angular velocity to about a line inclined at 9 to the 
symmetrical axis, such that 

^ A^ cos^ ^ sin'-* 6 , 

-- Tf* 


and 


tan ^ ~ tan ^ 


the angle 6 being measured from the symmetrical axis towards the axis of q 
in the plane of both these axes. 

16. A solid cylinder, whose length is equal to times its radius, is thrown 
into the air spinning about an axis through its centre of mass. Show that the 
axis of rotation remains fixed in space and in the body except for the motion 
with the centre of mass, and that the angular velocity remains constant. 

17. A penny is thrown into the air spinning with an angular velocity q 
about a line inclined at 30® to its symmetrical axis. Show that, while the 
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penny is in the air, its axis describes a cone of semi-angle i6° 6' in the period 

47 r 

the vertex of the cone being at the centre of mass. 

18. If A, B, C, are the principal moments of inertia of a rigid body at a 
point of the body which is kept fixed, and if a, ft y, are its component angular 
velocities about the principal axes, prove that the kinetic energy of the 
body is 

iAa2 + iBj 92 -f JCy2 

[If I is the moment of inertia about the instantaneous axis of rotation, 
and /, and the direction-cosines of this axis relative to the 
principal axes, then, g being the resultant angular velocity, 

I = A /2 + Bw2 4- Cn^y by Art. 209; 
and a — /gy P — mqy y — nq. 

The kinetic energy is clearly ^Iq^, which is equal to the given 
expression.] 

19. If the angular velocity of a top or gyroscope is the resultant of o) about 
a vertical line and n about its axis, show that the minimum value of « for 
which steady precession is possible with the axis inclined at B to the vertical 
is given by 

= 4(B — A)M/^/i cos B 

where A and B denote the principal moments of inertia at the fixed point of 
the body. But if s denotes (n + cd cos d)y the component angular velocity 
about the symmetrical axis when the other component is perpendicular to it, 
show that the minimum value of s for steady precession at the same inclina¬ 
tion is given by 

A2j2 = 4BM^A cos B 

[Regard <0 as an independent variable in both cases.] 

20. If q is the minimum resultant angular velocity of a top for which 
steady precession is possible with the symmetrical axis inclined at B to the 
vertical, show that 

A2^2 = 2 M^/t cos 0 ( V A 2 tan 2 ^ + B2 + B) 

21. A symmetrical flywheel can turn without friction about a diameter of 

a vertical metal ring, this diameter making an angle a with the vertical 
diameter. There is initially no rotation of the flywheel, but the ring is made 
to execute a complete revolution, from rest to rest, about its vertical diameter. 
Prove that the flywheel will have turned relatively to the ring through the 
angle 217 cos.a. {Manchester University y Honours Maths, y 1908.) 

[Since the forces acting on the flywheel have no moment about its 
axis its angular velocityjabout this axis remains zero. If B is the 
angle through which the ring has turned at any instant, its 
component angular velocity about the axis of the flywheel is 
B cos a. The relative angular displacement is thus B cos a» which 
becomes 27 r cos a for a complete revolution.] 

22. State carefully the principles of linear and angular momentum. 

Assuming, in addition, the principle of energy, solve the following 

problem:— 

The bob of a conical pendulum is held so that the string is tense and 
horizontal, and is pro jected horizontally at right angles to the string with the 
given velocity 2gc, Prove that when next it is moving horizontally the 
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velocity will be where y is the positive root of the quadratic 

y{y — i:) = /2, and I denotes the length of the string. 

(Manchester University^ Honours Engineerings Applied Maths, paper^ 
1908.) 

[Suppose z is the vertical fall of the body before the velocity becomes 
horizontal again, and let v be this velocity, and u the initial 
velocity. Then the energy equation gives 

z;* = -f 'igz = 'ig(c y- z) ~ 2gy. 

Since the forces on the bob have no moment about the vertical 
through the point of support the moment of momentum about this 
line remains constant. Therefore, equating the squares of the 
moment of momentum, 

2gcD — 2g{c + — ^*) = 2 g(cD + zD — 2 -^ — cz^) 

or (g + c)z ^ T; 
i,e. y{ y - c) - T\ 

23. A pendulum bob is projected in any manner. Show that, unless it is 
projected in the vertical plane containing the point of projection and the 
vertical through the point of support, the string can never be vertical. 

24. Before the plug is pulled out of the bottom of a hemispherical wash¬ 
basin the water is set in rotation. Explain why the rotation increases as the 
basin empties. 

[The moment of momentum of the whole mass about the vertical 
diameter is but slowly decreased by the resistance at the surface 
of the basin, and the water that escapes has little or no moment 
of momentum. Consequently the water that remains has a great 
part of the whole moment of momentum, which explains why its 
rotation increases.] 

25. A body rotates with angular velocity q about an axis which is fixed 
in the body and in space. At a point on this axis the principal moments of 
inertia are A, B, and C. If the axis of rotation is in the plane of the axes of 
A and B and is inclined at the angle Q to one of them, show that the body 
exerts a couple on the axis whose magnitude is (A — B)^^ gjj^ 0 q 

26. If the body mentioned in the last question were spinning about a 
fixed axis whose direction-cosines were /, w, and referred to the axes of 
A, B, and C, show that the couple on the axis would be 

4. B2;«2 ^ (A/2 + + C«2)2}. 

[If R denotes the resultant moment of momentum, then the com¬ 
ponents of R along the principal axes are Alq, Bniq^ and Qnq, 
Therefore 

R2 = (A2/2 + B2|«2 + C2«2)^2 

Also, the component, P, of R along the axis of rotation is 
P = (A /2 4 - Bw2 -p C« 2 )^ 

The other component of R, namely, VCR*'* - P^;, rotates in one 
plane with angular velocity q. Therefore its rate of increase is 


2L 



CHAPTER XXIV 

UNITS AND DIMENSIONS 


484 . The fundamental units in physics and mechanics are the units of 
length, mass, and time. All other units may be derived from these 
three. The connection between force and these fundamental units is 
given by Newton’s second law of motion, and the other units are 
connected by definition with the fundamental units. 

Let L, M, T, denote the units of length, mass, and time, and let 
V, A, F, E, P, denote the derived units of velocity, acceleration, force, 
energy, and power. Then 

length of path described 

V dOClvy " - • ” ~ ^ 

^ time occupied 

If unit length is described in unit time, the velocity is unity. Hence 



Likewise, unit acceleration is the acceleration of a body which gains 
unit velocity in unit time. That is 



The absolute unit of force produces unit acceleration in unit mass, 
and the force is equal to the product of mass and acceleration. Hence 




MA = 


ML 

T2 


( 3 ) 


If energy is measured in work units, so that the unit of energy is the 
work done by unit force in a displacement of unit length in the direction 
of the force, then 


E=:FL 


ML« 


(4) 


If a body of unit mass has unit velocity, its kinetic energy is 

.. (S) 

Thas the kinetic energy of the body is half a unit of energy. 
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The unit of power is the power of a force which does unit work 
in unit time. Hence 


_ E _ ML2 

— rp — 


( 6 ) 


The preceding units are all absolute units, the most convenient 
units for theoretical investigations. In practical calculations it is 
customary to use any convenient unit. The pound is the practical 
unit of force for example, and in order to make the equation 


Force = mass x (acceleration produced) 


hold, engineers have invented a new unit of mass which is the mass of 
g pounds. Thus the engineers’ units of force and mass are each g times 
as large as the theoretical or absolute units. The objection to the 
pound as a theoretical unit of force is that the weight of one pound 
depends on the earth’s attraction, which is different at different places, 
but the unit is good enough for practical purposes, and both systems 
give the same theoretical, results. 

The unit of volume is and the unit of area L^. Also the unit of 
density is the density of a body which has unit mass in unit volume. If 
D denotes this unit. 


The unit of momentum is 


^ u . 

. . . (7) 

ml 

. . . (8) 

MV = TjT-. 


The impulse of a force f acting for a time t is ft. 
denotes the unit of impulse, 


I = FT = 


ML 

1'2 


X T 


ML 

t ‘ • 


Hence, if 1 


• • ( 9 ) 


which is, of course, the same as the unit of momentum, because an 
impulse is equal to the momentum generated. 

The number of radians in an angle is 


0 — of arc subtended 

~ radius of circle 


If both radius and arc have unit length, we get the unit angle one 
radian. Calling this R, we get 

R = t -- I number . . , . . , (10) 


Angular velocity is the number of radians described in unit time. 
Hence, if Q denote the unit, 


a == 


R_ I 

T f • 


. • (”) 
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486 . Every physical quantity is of the form 

NL'M^T’’.(12) 

where N, (», P, y, are numbers, and L, M, T, are the units of length, 
mass, and time. The quantity in (12) is said to be of dimension a in 
length, in mass, and y in time. Two physical quantities have the 
same dimensions when they contain the same powers of L, M, and T. 
Every term in any physical or mechanical equation has the same 
dimensions, for quantities of different dimensions are not like quantities, 
and cannot, therefore, be added together. For example, a velocity 
cannot be added to a displacement, or it would follow that a displace¬ 
ment divided by a velocity could be a mere number, whereas we know 
that when we divide a distance by a velocity the quotient gives the 
time required by a body having the velocity to describe the distance; 
that is, distance divided by velocity can only give time. 

The usefulness of the theory of dimensions depends on the important 
fact that all the terms in an equation must have the same dimensions. 
It enables us to check our working at any stage. If we find two terms 
of different dimensions in the same equation, we know that there is 
iome mistake. Moreover, when the data in a particular problem are 
small in number, we can even predict the form of the result merely by 
using the theory of dimensions. 

We shall now work a few examples. 

486. Illustrative Examples. 

Example i. —TJu velocity of a body falling from rest through a dis¬ 
tance h depends only on h and g. To find how these quantities are involved 
in the velocity v. 

We have to combine h and so as to get a quantity of the dimen¬ 
sions of a velocity. Now hy being a length, contains the first power of 
L, the unit of length. That is 

y^ocL.*.. • *(^3) 


Also, g being an acceleration, we have 



(14) 


Let us assume 
This gives 


V oc h°^gf 

L 

X q as 


• (IS) 
. (16) 


oc 


T2i8 


Since both sides are of the same dimensions, we get, on comparing 
indices, 


OL " 4 “ ^ I * * * • • (17) 

2j8 = I.* . (i8) 
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which give a = j 3 = ^. Hence 

ay oc .(19) 

or 1/ = ^\/hg . • .... (20) 

N being a number. 

We know this result is correct, for actually 

V = \/2hg .(21) 


Example 2 .— By the same process we will find hoW h a7id g are in- 
volvcd in the time of fallmg through a distance h fro7n rest. 

Let t denote the time, and assume 


From this 


t oc h*^g^ 

Toe 


Hence, making the dimensions the same, 


(22, 

(23) 


a + ^ = o.(24) 

-2^=1 .(25) 


These give a = = 


h- 


Therefore 


4 


(26) 


Example 3. —The time of oscillation of a simple pcfuinliim can depend 
only on the three quantities^ g, 1, the length of the pefidulum^ and j 3 , the 
angular amplitude. To find^ as far as possible^ how these quantities an 
involved in the time. 

Since /3 is itself a number, the theory of dimensions does not help 
us to discover how this quantity is involved. We have, then, to combine 
/ and g to get a quantity of the dimensions of time. Since I is a 
length, the method of the last example shows that 



\ 

/I. . . . 

.... (27) 

That is 

/=Ny 

/L . . . 

cr 

.... (28) 


where N is a number, which may involve jS m any manner whatever. 
We may, therefore, write 

.(» 9 ) 

o 


where F(j8) denotes some function of ^ to which the present theory gives 
us no clue. 


The numerical coefficient of 



cannot contain / or since no 


combination of these will give a number. Consequently, this numerical 
coefficient is the same for all pendulums, provided j8 is the same, how¬ 
ever large jS may be. 
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If a number of uniform rods, each fixed by a smooth hinge at one 
end, are allowed to fall from the horizontal position, the preceding 
reasoning will show that the time required for a rod of length / to fall 
into the lowest position is an expression of the form given in (28). 
Consequently, the time of falling of any rod is proportional to V/, since 
g is the same for every rod. 

Example 4.—71? find the dimensions of the constant of gravitation. 

If K denotes the constant; the masses of two attracting 

bodies; F, the*attraction between them; and r, their distance apart, 
then 


r2 


• • (30) 


Putting in the proper dimensions of the known quantities, 

^ kM2 

T8 " L2.* 


(31) 


whence #coc 1^2 

or oc L3M-1T-2.( 32 ) 


Example 5 .—To find the form of the expression for the period of a 
satellite about a primary of mass S assumed fixed. 

The period obviously does not depend on the mass of the satellite, 
because, other things being the same, the attraction is proportional 
to the mass of the satellite, and therefore the acceleration, which is 
proportional to the attraction divided by the mass of the satellite, does 
not depend on this mass. 

The period depends on S, the constant of gravitation k, the majoi 
semi-axis, ot the orbit, and possibly on the eccentricity of the orbit. 
But, since the eccentricity is a mere number, the theory of dimensions 
does not help to discover whether it is involved in the period or not. 


Let us assume, then, that thq period is 

/ = N. (33) 

Writing the dimensions of these quantities 

Toe M“(L 8 M-iT- 2 )PLy.(34) 

Making'’the dimensions of both sides the same, we get 

« = ^.(35) 

-2/3=1 .(36) 

y = - 3 ^ {37) 

Solving these and substituting in (33) 

/ = = N • . . • • (38) 
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If we were sure that the eccentricity were not involved in the number 
N, this last equation would prove that the periods of different planets 
are proportional to the cubes of their mean distances. 

Example 6. —To find the form of the expression for the maximum 
span of a catenary of uniform strength of given material 

The maximum span clearly depends on the breaking tension per 
unit area P, the density (mass per unit volume) of the material of the 
catenary p, and the intensity of gravity g. 

If ^ is the maximum span, 

f = Npy^’'. 

The dimensions of P, which is a force divided by an area, is 

ML j_M 

T2 ^L2~LT2 ■ ■ 


• (39) 

• (40) 


Inserting the dimensions of the quantities in (39), we get 


L oc 


/ M y/MWT. y 
VLT2ALVvrv * • • • 


(40 


To make the dimensions the same we iqust have 

a + j 3 = o . . .... (42) 

2a + 2y = o.(43) 

-a-3^ + y= i.(44) 


These give a=si, /3 = — i, y = —i. Therefore 


p 

S = N- 
9 S 


(45) 


In this result P is measured in absolute units. If British funda- 
mental units are used, P is in poundals per square foot, and 
P . . . 

consequently - is the breaking tension in pounds per square foot. 
S 

P 

Writing Pi for — the result can be expressed thus 

s = N— . . . . . - . (46) 

? 

The number N is shown in Art. 198 to be n. 

Example 7. —To show that the attreution of an infinite uniform plane 
distribution of matter is independent of the distance from the plane. 

The attraction can only depend on the constant of gravitation k, 
the surface density p, and the distance from the plane d. Now 
attraction is force on unit mass, and has therefore the dimensions of 
acceleration. Also p is mass per unit area, that is mass divided 
by area. 
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The attraction must be given by 


F = . , . 

.... (47) 

The dimensional equation from this is 


■ ■ 

. . (48) 

To make the dimensions the same, we get 


2j3 = 2 .... 

.... (49) 

a — = 0 . . . . 

. . . . (50) 

- 2a 4 - 3/^ + y = I • • 

• • • • (sO 

Whence a = / 3 =i, y = o. Therefore 


F = N/cp . . , 

• • • (52) 


The number N is shown in Art. 243 to be 277. 

487 . The measure of any quantity of a particular kind is the number 
of times that quantity contains the unit of its own kind. If the unit^be 
changed the measures of all quantities will be changed in consequence. 
For example, the measure of the radius of the earth with the mile as 
unit of length is about 4000; but when the unit is a metre its measure 
is about 64 X lo^. 

If N and N' are the measures of the same quantity when U and U' 
are the units^ then 

NU = N'U'.(53) 

N U' , . 

»Vhence =s ••• • •( 54 / 


that is, the measures are in the inverse ratio of the units. The larger 
the unit the smaller the measure. 

If occurs in any quantity, an alteration of the unit of mass from 

/ M \ ® 

M to M' will alter the measure of the quantity in the ratio! A 

few examples will illustrate these principles. 

Example i. — The acceleration of a train is f miles per hour per hour j 
to express this m foot and second units. 

Let L and T denote the units one foot and one second j U and T 
the units one mile and one hour. Then, if a denotes the measure of 
the acceleration in foot-second units 


L X 

^ 'p2 


-LyT\2 /one rnile Vo ne second 
^ LVTv Vone footA one hour / 




5280 


3600^ 27000^ 


/< 


( 55 ) 


(56) 


Therefore 
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Example 2. —If g and g' denote the measures of the accelaation due 
to gravity in foot-second units and centimetre-second units respectively^ we 
find 


A' 


( 57 ) 


where A and A' are the British and metric units of acceleration. Hence, 
since the unit of time is the same in both, 


Therefore 


f L one foot ^ 
g'^ fy one centimetre ^ 

f -30-5 X 32-2 = 982 . . . 


(58) 

( 59 ) 


Example 3 . —The absolute unit of work is 



The metric unit is called an erg and the British unit is a foot- 
poiindal. Their ratio is 


I foot-poundal 
I erg 


I lb. ( I foot Y 
I gram \i centimetre/ ““ ^ 5 ) 


(60) 


the time unit being the same. Hence 

I foot-poundal = 422 x lo^ergs . • . . ... (61) 

I foot-pound = 422 X 32*2 X io 3 = 136 X 10® ergs . (62) 


488 . The rest of the units in the metric system can be expressed in 
terms of British units when the ratios of the three fundamental units are 
given. In the metric system the centimetre^ gram, and second, are the 
names of the fundamental units of length, mass, and time. Their 
values in terms of British units are given in a table at the end of the 
book. The absolute unit of force is called a dyne and, as we have 
mentioned in the last article, the absolute unit of work or energy is 
an erg, 

489 . Whenever different powers of the same quantity are added 
together in a physical equation this quantity must be a number of no 
dimensions in length, mass, or time. If, for example, / or cos 2: occur 
in an equation, z must be a number, because / and cos z involve 
different powers of z. In the theory of struts, Art. 237, the deflection is 


s\/ j 


^ = C cos\/ ~ Y jr -f D sin- 
^ El 





must therefore be a number. This can be 


The quantity 

easily shown to be true by finding the dimensions of F, E, and I. 
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Again, the angular displacement of a simple pendulum is 

0 = A sin 

Consequently niust be a number, and this is easily seen to 

be true from the dimensions of the quantities involved. 

Likewise sin^^sr, when it occurs in an integral, is a mere number 
and not an angle. It is a coincidence that the number can be obtained 
from trigonometrical tables. It should be remembered that the radian 
measure of an angle is a mere number because it is the ratio of an arc 
of a circle to its radius. 


EXAMPLES ON CHAPTER XXIV 


I. What are the dimensions of the gravitation constant ? Assuming that 
the value of the constant is in absolute foot-pound-second units, 

find its value in centimetre-gram-second (c.g>s.) units. 

r . L3 I 1 

I The dimensions are In c.^,s. units its value is j x io 7 J 


2. The velocity of a body which has been attracted from infinity to 
distance r from the sun depends on the sun’s mass S, the distance r, and the 
gravitation constant k* What is the form of the velocity? 

[The velocity is proportional to V 


3. What are the dimensions of Young’s modulus and of the modulus of 
rigidity ? 

j*Each has the dimensions 


4. The velocity of longitudinal waves in an elastic body depends on 
Young’s modulus E, and the density p. What is the form of the velocity ? 

The velocity is proportional to 

5. The velocity of waves on the surface of deep water depends on the 
intensity of gravity and the wave length A. How are the quantities 
involved in the velocity? 

[The velocity is proportional to 



6. The couple required to twist a wire of length / and radius r throueh 
one radian depends on /, r, and the rigidity modulus n. Assuming that the 
couple varies inversely as /, find how all three are involved. 


The couple varies as 


I J 


7. The greatest length of a cylindrical horizontal beam that can be safely 
supported in a given way under its own weight depends on the breaking 



UNITS AND DIMENSIONS 52 I 


tension P, the density p, the radius r, and the intensity of gravity^. What 
does the theory of dimensions tell us about the greatest length ? 

The theory tells that the greatest length varies as 
the condition that a + j 3 = i. j 

8. The mass of water that flows over a triangular notch in t seconds, 

the vertex of the triangle being lowest and at depth h below the surface of 
the water, depends upon and the density p, as well as the vertical 

angle of the triangle. Show, by considering dimensions, that the mass is 
proportional to a and j8 being connected by the equation a + jS = 3* 

[Actually a = /3 = f, and the tangent of half the vertical angle is a 
factor, but the theory of dimensions cannot tell us so much.] 

9. Assume that the period of a planet in its orbit does not depend on the 
minor axis of the orbit, and show from dimensions how it depends on the 
sun’s mass S, the major semi-axis and the constant of gravitation k, 

j^The period varies as 



10. The maximum angular velocity at which a disc can be rotated about 
its axis so as to be safe from bursting depends on the radius r, the density 
p, and the breaking tension P. Find how this angular velocity involves the 
quantities. 


I The angular velocity varies as 



11. The slowest period of oscillation of a tightly stretched string depends 
on its tension T, its length /, and its mass m. How do these quantities occur 
in the period ? 

The period varies as 



12. Suppose the buckling load, P, of a strut depends only on the length / 
and on the product El. Find how these quantities are involved. 



13. If the maximum stress in a rotating disk depends only on the density 
p, the radius r, and the angular velocity a>, show that it is proportional to 

14. The terminal velocity of a sphere falling in a fluid depends on 

jf, on the radius r, on the density p and the viscosity p of the fluid. This 
last has dimensions ML“^T’’\ Show that the square of the velocity is 
proportional to where n is some number not determined by 

dimensions. 




APPENDIX ON CONICS 


1. Definition of a Conic and Deduction of its Polar Equation.— 

A conic is the locus of a point which moves in one plane so that its 
distance from a fixed point in that plane bears a constant ratio € to its 
distance from a fixed straight line in 


that plane. The curve is called an 
ellipse, a parabola, or an hyperbola, 
according as the ratio e is less than, 
equal to, or greater than unity. 

We will first find the polar equation 
to a conic, the fixed point being the pole. 

The fixed point and the fixed straight 
line are called the focus and the directrix 
respectively. 

In Fig. 213, S is the focus and CQ 
the directrix, P is any point on the 
conic. LL' is the chord through the 
focus parallel to the directrix and it is 
called the latus rectum. Its length will 
be denoted by 2/, 

Now SP = r = . PQ = ^(RS + SC) 
e . r cos 6 -{■ e , LM 
= er cos 0 H- SL = er cos ^ / (i) 

Hence - = i — /r cos d . (2) 

T 



Fig, 213. 


If the angle ASP be called we may write the equation (2) in the form 
^ = I + ^ cos 0 '.(3) 


Either of the equations (2) or (3) may be taken as the polar equation of a 
conic. In equation (2) the 

initial line, from which 0 is !Y 

measured, is the aphelion 
distance, and the initial line 
for 6 ' is the perihelion dis¬ 
tance. 

2 . The Ellipse .—Since ^ 
is less than unity for the 
ellipse, it is clear that the 
curve meets CS produced in C 
some point A'. Let O be 
the mid-point of AA'. 

Then SA *= e . AC (4) 

SA'- ^ . A'C (5) 

Adding these ' 

AA' - ^(AC -f A'C) 



or 2, AO *= 2^ . CO (6) 


Fio. 214, 
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Writing a for AO, this becomes 

CO=f.(7) 

Again, subtracting (4) from (5), 

SA' -- SA = e{MC - AC) = ^ . AA' 
or 2SO = Q-ea 

that is, SO — ea ' .• (8) 

Now taking OA' and OY as axes of x and^, let the co-ordinates of P be 
(jr, y). Then 

SP == ^PQ = ^(CO + OR) a ex , . . . (9) 
Therefore SP* = (^ + ^^)* 

But SP* = SR*+ RP* = (^^+ ;!:)•+>'*. . . . (10) 

Hence {ea + ;r)* +>* = (^ + 

Therefore + ‘^eax + ;r* + j'* = e?* + 2eax -f e^x^ 


or 

x*(l-^•)+^» = a»(i . 

• • . (”) 

or 


. . . (12) 

The value of y when 

a; = 0 is + OB. Hence putting x 

= 0, we find 


OB* = a»(i-<*) . . . . 

• • • (13) 

Let OB = ^. Then 




b*^a\i-e*) . . . . 

• . . (14) 


and the equation to the ellipse can be written 

.(15) 

This equation shows that the curve is symmetrical about the axis ofy^ for 
there are two equal and opposite values of x for any given value oiy. There 
is consequently another focus S' and a corresponding directrix at the other 
side of the curve. If QP meet the other directrix in Q', we have 


SP = ^PQ.(l6) 

ST - ^PQ'.(17) 


SP 4- ST •=» #. QQ' 2i . OC » 2 a ♦ • ( 18 ) 


Hence 
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That is, the sum of the distances of an/ point on the ellipse from the foci 
is constant, and is equal to the major 
axis AA'. 

We shall now prove that SP and S'P 
make equal angles with the tangent TP. 

Let P and Q be two neighbouring 
points on any curve ; and let SP = r, 

SQ = r + S being any point in the 
plane of the curve. SF is cut off equal 
to r so that FQ == hr. Let the arc PQ be 
denoted by hs. Then 

dr .. FQ 
-j- = lim 
ds PQ 

= lim cos PQF 

= cos ^ 

By cutting off SF equal to SP we do 
not make PFQ a right angle, but its 
limiting value is a right angle, since the triangle SPF is an isosceles 
triangle which has ultimately its vertical angle zero, and therefore its base 
angles right angles. 

Now in the ellipse, if S'P = r' (Fig. 214), 



Therefore 

that is, 
Hence 


r + r' = a constant. 
dr df^ 

cosSPT 4 - cos S'PT = o 

SPT + S^PT = 180*^.(19) 


and consequently the acute angles between the tangent and the lines SP 
and S'P are equal. 

3. The Auxiliary Circle. —Let a circle be described on AA' as 
diameter. This is called the auxiliary circle to an ellipse with AA' as major 
axis. If Pj and P are points on the circle and ellipse respectively such that 
PiPR is perpendicular to AA', then Pj and P are called corresponding 

points. The angle A'OPi, denoted 
by is called the eccentric angle 
of the point P. 

If OR be called and RP, RPi, 
be called y and ji, then 



yA _ 

'W ~ 


Zi: 


* ~ ^ 


Hence 


(20) 

(21) 

(22) 


Fig. 216. 


^22 

y\ ^ 

Thus the ratio of the ordinates at 
corresponding points of the ellipse 
and circle is constant and equal to 

This shows that the ellipse 


could be obtained by turning the circle about AA' until its plane were inclined 


to the plane of the ellipse at an angle cos 
orthogonally on the latter plane* 


^xb 


and then projecting the circle 
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If the circle and the ellipse be divided into very thin strips parallel to 
the minor axis of the ellipse, it is clear that the areas of the strips of the 
ellipse would bear the constant ratio b\ aXo the areas of the corresponding 

strips of the circle. Consequently the whole area of the ellipse is - of the 

area of the circle, that is, its area is rrnb. 

In terms of the eccentric angle the co-ordinates of P are a cos <#>, ^sin <p. 
. 4 . Let FPF' be a tangent at P; SF and ST' perpendiculars to this 

tangent. We shall prove that F 
and F' lie on the auxiliary circle, 
and that 

SF.ST' = ^* . (23) 

Let SP be produced to meet 
ST' in K. Then, since the angles 
SPF, S'Ph"', are equal, it follows 
that PK ^ PS'. Hence 

SK = SP + PS' = 2a (24) 

Now because O and F' are the 
mid-points of S'S and S' K, therefore 

OF' = ^SK = a (25) 

Thus F', and clearly also F, lies on 
the auxiliary circle. 

It is useful to remember also that K, the image of S' in the tangent, 
lies on a circle of radius 2a with S as centre. 

FS is produced to meet the auxiliary circle again in E. Then obviously 
bE = S'F'. Now let SP = r, S'P = r\ SF - A S'F' = Then 



SF . SE = AS . SA'= <2(1—^)^(i -f e) = a^\ —= (26) 

Again, because the angles SPF, S'PF', are equal 

r r' 


Therefore 



whence 


^ i _2 I 

a T a 

which is the tangential-polar equation to the ellipse. 

Now the semi-latus-rectum is the value of y 
equation (15) gives, for the ellipse. 


{ae)^ /2 

+ = * 


when X = ca. 


whence 
and therefore 




/ = 


a 


(27) 

Thus 


Thus equation (27) may be written 


p 2 f-T’ 


I 

a 


(27A) 
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The above is the tangential-polar equation of the ellipse with a focus as 
pole. We shall now find the tangential-polar equation with the centre as pole. 

Let the co-ordinates of P be {x'y y')y and let and denote respectively 
the perpendicular distance of O from FF' and the distance OP. Then it is 
easy to show that the equation of the tangent is 

^2 - * 

which becomes, in terms of the eccentric angle of the point of contact P, 

- cos -{- 7 sin 6=1 
a o 

The perpendicular/j from O on this line is given by 

I _ cos^<l> 


whence — .j- = <^2 ^.^52 ^ ^2 

= \ 6^ — cos^ ^-f-^* sin® 

== a® 4- + y^) 

+ .(28) 

which is the required equation. 

5 . The Hyperbola. —The polar equation to the h\ perbola 


- = I — ^ cos 6 

r 


Fhows that r is infinite when 


cos ^ = - 
e 


which gives real values of Q since e'I>\, When (i — cos is positive 
r is positive, but when this quantity is negative r must be regarded as 
negative, that is, r must be drawn in the direction opposite to that of the 
arm bounding the angle Q. By reasoning from the polar equation it can be 
shown that the curve consists of two infinite branches which do not unite; 
but it will be easier to see this from the cartesian equation. 

By nearly the same working as for the ellipse we can prove that 

_ =, 

Now ^ > i for the hyperbola. Let us therefore put for the positive 
quantity — 1). Then the equation becomes 

x2 v2 

^ .(30) 

This last equation shows that the least value of is a^. Conse¬ 
quently there is no portion of the curve between the lines jr = -f rt, 
X — —a. 

Where the line 

.(31) 

meets the hyperbola, we have 

x2 m^x^ __ 

^ * 


• • (32) 

2 M 
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This gives two real equal and opposite values of x so long as the right- 
hand side of (32) is positive, that is, so long as 

.. • (33) 

When 7 Ji^ is equal to - ^ the value of x is infinite, and greater values of ni^ 

give no real values of x. It follows, then, that there is no portion of the 
curve in that region between the two lines 

b b . . 

y^—^x .(34) 



Fig. 218. 


If 2a denotes the angle between the asymptotes then 

b^ 

tan2 a = -« = ^2 — I 

and therefore sec a = 

Corresponding to (18) the property of the hyperbola is 
ST - SP = AN = 2 a 

tliat is, f*' - r = 2<2.. (35) 

P being a point on the branch nearest S. 

^ Also, if PT is a tangent to the hyperbola at the point P, we can prove 

angle SPT = angle STT ...... (36) 

Just as for the ellipse we can prove that the feet of the perpendiculars from 
the foci on a tangent lie on the circle on AN as diameter, and thence 

.. ( 37 ) 
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Again, by the method used for the ellipse, 


^ r 2a r 


. . (38) 


Consequently 


^ I _ 2 I 
a a 


which is the tangential-polar equation to that branch of the hyperbola 
nearest the pole S. Taking the pole at S' to get the equation of the further 
branch 


^2 I I 2 , 

ence — t/o “-? • ... 

a a r 

As in the ellipse the focus is at {ea^ /). Hence equation (30) gives 
^12 _ 

‘ 


/2 = (^2 - i)l)2= -b2 


and therefore / r= ■ -.(41) 

a ^ ' 

as in the ellipse. 

6. The Parabola. —For this curve ^ = i, and therefore 

SP = PM. 

If any line DM' be taken parallel to the directrix, we find that, when P 
is between CM and DM', ^ 

SP + PM' = MP + PM' = constant 


Now imagine DM' to be moved to a very great distance to the right, so 
that PD makes an infinitesimal 


angle with SD. Then PD would 
differ very little from PM', and 
we should have, approximately, 

SP + PD = a constant (42) 

But if SP + PD were exactly 
constant, the curve would be an 
ellipse with foci at S and D, and 
it would follow that 

angle SPT ~ angle DPT' (43) 

In the limit when DM' is at 
an infinite distance to the right 
of CM, the relations (42) and 
(43) will be exactly true. A 
parabola may therefore be re¬ 
garded as an ellipse with one 
focus at infinity, and conse¬ 
quently the centre at infinity. 
The line joining any given point 
to the focus at infinity, or to 
the centre, is a line through 



Fig. 219. 


2 M 2 
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that point parallel to the axis AD of the parabola. Thus PM' is along the 
second focal distance of P. 

Most properties of the parabola can therefore be derived from those of 
the ellipse by assuming one focus to be at infinity. Thus 

angle SPT = angle M'PT' = angle MPT . . . (44) 

Again, since -- is equal to /, the semi-latus-rectum of an ellipse, which 

remains finite in the parabola, it follows that b becomes infinite when a 
becomes infinite. From the tangential polar equation to the ellipse 

^2 I ^ 2 r 

a ~ r a 

we get that of the parabola thus 


_ 2 

r ' 


(45) 


This can be proved directly from (44). Thus join SM. Then in the 
triangles MPF, SPF, MP and PF are respectively equal to SP and PF, 
and the included angles are equal. Therefore SM is perpendicular to the 
tangent, and 

/ = SF = FM 
p SF CS 

Therefore ~ ^ from similar triangles 


But CS is equal to I by the property of the curve, and SM = 2/. Hence 

r 2p 

which agrees with (45). 

The auxiliary circle of the ellipse, which passes through A and has its 
centre at the centre of the ellipse, becomes a circle of infinite radius in the 
parabola, that is, a straight line touching the parabola at A. The feet of the 
perpendiculars from S on the tangents lie on this straight line. 

The parabola may be derived not only from the ellipse but also from the 
hyperbola. If DM' is on the left of CM, we get 

PM' — SP = a constant 

Now, supposing DM' to be moved to infinity on the left, PM' is the same 
as PD, and we find 

. PD - SP = a constant 

which is the same as for an hyperbola with its second focus D at an infinite 
distance to the left of S. 

We will now find the cartesian equation referred to axes through A, the 
axis of Y being parallel to the directrix. A is, of course, the mid-point 
ofCS. 

By definition 

SP = MP = CA4-AN 
Therefore SP* = (CA + AN)* 

or SN* + NP* = (CA + AN)* 

Now, writing /, for AN, NP, CS, we get 

=: 2 lx 


whence 


(46) 





USEFUL QUANTITIES 




loot = 30*48 centimetres, 

inch = 2*540 centimetres, 

mile = 1*6093 kilometres, 

pound = 453*59 grams, 

metre = 39’37 inches, 

kilogram = 2*2046 pounds, 

poundal = 13,825 dynes, 

foot-poundal = 4217 x lo^ ergs. 

^ = 3*Hi593- 

e = 2*718282 (the base of natural logarithms). 

logic ^ = 0*4342945- 
log^ 10 = 2*302585. 

32*173 ^ 0*083 COS where B denotes 

G = 32*228 - 0*028 cos 2^/ the latitude. 


G is the true acceleration produced by the attraction of the Earth at sea- 
level, whereas ^ is the acceleration relative to an observer on the rotating 
earth. The difference between^ and G is the acceleration of the observer 
due to the earth’s rotation on its axis. 

At Greenwich^ = 32191. 

At Paris ^'■=32*183. 

One cubic foot of water at 4® C. weighs 62*3 lbs. 

12*41 cubic feet of air at 0° C. weigh one lb. when the mercury barometer 
stands at 30 inches. 

Equatorial radius of Earth = 3962*8 miles. 

Polar radius of Earth = 3949*5 miles. 

Mean distance of Earth from Sun = 92*8 million miles. 

Mean distance of Moon from Earth = 60*26 equatorial radii of Earth. 
One sidereal month = 27*322 days. 

One tropical year = 365*24 days = 13*368 sidereal months. 

Mass of Sun = 328,000 times mass of Earth and Moon. 

Mass of Earth == 80*4 times mass of Moon. 

Semi-diameter of S m subtends 96t”*82 at the Earth’s mean distance. 
Semi-diameter of Moon subtends 934"*68 at the Earth’s mean distance. 

The constant of gravitation = nmss, time, and 

force being the pound, second, and poundal, and the mean density of the 
Earth being taken as 5*6 times that of water. 
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Coefficients of Friction. 


Wood on wood, dry. 

. . . 0-25 

to 

0*50. 

Hemp on oak, dry. 

. . . 0 * 53 . 



Hemp on oak, wet.. 

. . • 0 * 33 . 



Metals on oak, dry. 

. . . 0*50 

to 

o’6o. 

Metals on oak, wet. 

. . . 0-24 

to 

0*26. 

Metals on elm, dry. 

. . . 0*20 

to 

0*25. 

Leather on oak. 

. . . o‘27 

to 

o' 35 - 

Leather on metals, dry .... 

. . . 0-56. 



Leather on metals, wet .... 

. . . 0*36. 



Leather on metals, greasy . . . 

. . . 0*23. 



Leather on metals, oiled .... 

. . . 0*15. 



Metals on metals, dry. 

. . . 0-15 

to 

0*20. 

Metals on metals, wet. 

. . . 0-30. 




The following table gives some useful properties of common materials. 
The density is in pounds per cubic foot, the two moduluses in millions of 
pounds per square inch, and the breaking tension in thousands of pounds 
per square inch. 


Material. 

Density. 

Young's 

modulus. 

Modulus 
of rigidity. 

Breaking tension. 

Wrought iron bars . . . 

480 

29 

HT 

60 to 70 

Cast iron. 

444 

17 

2*9 

165 

Steel bars. 

490 

29 to 42 

ir8 

100 10 120 

Copper wire. 

545 

17 

7 T 

60 

Oak. 

50 

i '5 

0*082 

12 

Ash. 

47 

1-6 

0*076 

17 


The following table gives the periods of the planets in days, their mean 
distances from the Sun in terms of the Earth’s mean distance, and the ratio 
of the mass of the sun (S) to that of the planet (M), 


Planet. 

Period. 

Mean distance. 

S-f M. 

Mercury 

87-97 

0-3871 

8 ,cx) 0 ,ooo (?) 

Venus. 

224*7 

0*7233 

402,000 

Earth ....... 

3 ^ 5*24 

I 

332,000 

Mars. 

687*0 

1*524 

3,093,000 

Jupiter .. 

4,333 

5*203 

1,048 

Saturn.. • 

10,759 

9'539 

3,502 

LJranus .••**• 

30,687 

19*18 

22,500 

Veptune. 

60,127 

29 92 

19,000 
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A 

Aberration of light, 391 
Acceleration, 2 

-due to gravity, 14 

-relative to rotating axes, 247 

Accelerations, polygon of, 8 
Action and reaction, 17 
Analytical method of summing forces, ll, 
12 

Angular velocity, 2 

-as a vector, 490 

-dimensions of, 513 

d^Alembert’s principle, 261 
Amplitude, 268 
Aphelion distance, 523 
Apse, Apsidal angle, Apsidal distance, 
373 

Astronomical unit of mass, 213 
Asymptotes, 528 
Auxiliary circle, 525 


B 

Bashforth’s experiments on projectiles, 

304 

Bashforth’s “ Motion of Projectiles,” 
3 M 

Beam under a concentrated load, 191 

-under isolated loads, 185 

Beams, bending of thin, 181 

-, deflection of, 187 

-, deflection due to several systems of 

loads, 193 

-, strength of, 196 

-with transverse loads, 184 

-with variable sections, 194 

Belt on a rough cylinder, 120 
Bending moment, 183 

•-in a rotating rod, 415 

Bicycle, braked, 408 
Bo« 5 y, 1 


C 

Cantilever, 186 
Cardioid, 363 
Catenary, 127 

-common, 127 

-of uniform strength, 138 

-parabolic, 134 

Cavendish experiment, 210 
Centimetre, 14 
Central forces, 343 
Centre of gravity, 38 

-of mass, 38 

-of parallel forces, 28, 36 

-of percussion, 470 

Centres of suspension and oscillation, 444 
Centrodes of a body moving parallel to 
one plane, no 

Chain under any load, 135, 136 
Circle rolling inside a circle of twice the 
radius. III 

Circular orbit, stability in a, 369 
Clutch, friction, 124 
Coefficient of friction, 102 
Collision of elastic bodies, 476 
Comet, Halley’s, 367 

-of 1866, 381 

Comet’s orl)it, 391 

-tail, 380, 381 

Components of a force, 9 

-, unique set along three linea 

in space, lo 

Compound pendulum, 443 

-method of flnding g by a, 445 

Concentrated load on a beam, 185 
Conditions of equilibrium, 28, 35 

-of stability, 79 

Cone of friction, 104 
Conic, definition of, 533 
Conical pendulum, 290 
Connecting rod of a steam engine, 96 
Continuous body, 39 

-loads on beams, 187 

Constant of gravitation, 210 
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Constant of gravitation, dimensions of, 

516 

Coplanar forces, resultant of, 26, 52 
Couple, 20 

-exerted by a rotating body on a 

fixed axis, 510 

-, moment of a, 22 

-, vector representation of a, 24 

Couples, equal, 23, 24 

-in inclined planes, 25 

-, resultant of several, 26 

Cycloid, equation of a, 320 
Cycloidal motion, 320, 321 

D 

D’Alembert’s principle, 261 
Day, variation in length of, 421, 422 
Deflection of beams, 187, 191, 193, 197 
Degrees of freedom, 79, 427 
Deviation towards the east of a body 
dropped from rest, 381, 382 
Displacement, i 
Double star, 397 
Dynamics, l 
l^yne, 15, 519 

E 

Earth’s axis, precession of, 503 

-, free motion of, 503 

-effect on bodies' attracted into solar 

system, 399 

-surface, bodies projected from, 276 

Easterly deviation of falling bodies, 381, 
382 

Elastic rods, 170 

Elastic string, work done in stretching 
an, 167 

Elastic strings, 165 
Elasticity, 164 

Electrostatics, a theorem in, 231 
Ellipse, 523 

Elliptic-harmonic motion, 348 
Elliptic orbit, 353 

-, construction of, 354 

-—, time in an, 365 

Energy equation of a particle, 262 

--of a rigid body, 426 

-, kinetic, 263 

-, potential, 74 

Equations of motion of a rigid body, 406 
Equilibrium, 18 

-, conditions of, 28, 34 

-under three forces, 29 

Equimomental ^sterns, 158 
Equinoxes, 380 
—:—, time between, 356 
Equipotential surface, 228 
Erg, 518 


F 

Filament, 288 
Fluid resistances, 304 
Fluxional notation, 13 
Flying in a wind, 7, 16 
Force, 2 

-, line of, 228 

- ^ Newton’s laws of, 259 

-, tube of, 228 

Forced oscillations, 328, 333 

-with resistance, 336 

Frames, over-rigid, 54 
Frameworks, rigid, 53 
Freedom, degrees of, 79, 427 
Friction, 102 

-, angle of, 104 

-, cone of, 104 

-cone or clutch, 124 

-on a body turning about a normal 

to the surface of a contact, 112 
-, laws of, 102 

-maintaining a ladder in equilibrium, 

107 

work done by, 21 
Funicular polygon, 53 


G 

Gauss’s theorem, 223 
Gram, 14 

Graphical method of dealing with co- 
planar forces, 52 
Gravitation, 37 

-, constant of, 37, 210 

- ^ law of, 210 

-potential, 211 

-unit of force, 14 

Gravity, acceleration due to, 14 

-, centre of,* 38 

Grooved pulley, rope on a, 126 
Guldinus, theorems of, 46 
Gyroscope, 501 


H 

Halley’s comet, 367 
Hodograph, 251 

-of a planet’s motion, 390 

Hooke’s law, 165 
Horse-power, 73 
Hyperbola, 527 
Hy^rbolic orbit, 352 


1 

Impulse, 467 ^ 

Impulsive force, 467 
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Inclined plane, force required to drag a 
body along an, lo6, 107 

--j motion down an, 265 

Inertia, moment of. Moment of 

inertia 

--. product of, 155 

Initial motions, 479 
Instantaneous centre of rotation, no 
Invariable plane of solar system, 498 
Inverse square law of force, 273, 351, 362 
Isochronous pendulum, 320 


j 

Jupiter's effect on a body attracted in the 
solar system, 396, 398, 399 


K 

Kater’s method of finding the value of^, 
445 

Kepler’s laws, 388 
Kinematics, i, 240 
Kinetic energy, 263 
-of a rigid body, 424, 510 


L 

l.atitudes, variation of, 503 
I..aws of force, 259 
Line of force, 228 

M 

Mass, I 

-, centre of, 38 

Masses, definition of equal, 14 

-of primaries, 292, 389 

Matter, i 

Maximum span for any material, 139 
Measure of a physical quantity, 518 
Metric units, 14, 519 
Modulus of rigidity, 165 

-, Young’s, 165 

Moment of a couple, 22 
-of a force, 20 

-of a vector about any axis in space, 

492 

-represented as a vector, 493 

-of inertia, 145 

-about different axes through 

the same point, 154, 157 

•-about parallel axes, 151 

-of a triangle, 152 

-of momentum of a particle, 343 

-af a rigid body, 405 

Momentum vector, 494 


Moon’s motion, 395 

Motion down an inclined plane, 265,410, 

431 

Mutual attraction between two parts of 
the same body, 234 
-potential, 231 


N 

Newton’s laws of forces, 2159 
Normal velocities and accelerations, 244 


O 

Orbit, elliptic, 353, 362 

-, hyperbolic, 352, 362 

-, parabolic, 352, 362 

-, relative, 386 

Orbits, Chaps. XVII. and XVIII. 
Oscillation, centre of, 444 

-of pulleys on a shaft, 465 

Oscillations, forced. See Forced oscil¬ 
lations 

-of a particle. Chap. XVI. 

-of a rigid body, Cha]>. XXL 

-started by friction, 465 

Over-rigid frames, 54 


P 

Pantheon, experiments on falling bodies 
in the, 382 

Pappus, theorems of, 46 
Parabola, 529 
Parabolic motion, 285, 352 

-orbit, 352 

-, time in a, 364 

-velocity, 352 

Parallel forces, centre of, 28, 36 

-, resultant of two, 19 

Particle, i 

Pendulum. See Compound pendulum, 
Conical pendulum, Simple pendulum, 
Isochronous pendulum 
Percussion, centre of, 470 
Perihelion distance, 523 
Phase angle, 268 

Planetary motion, 351, 362, 374, 384, 

390 

Polygon of accelerations, 8 

-of displacements, 4 

-of forces, 9 

Potential energy, 74 

-of a stretched string, 169 

-, mutual, 231 

Pound, 2 

-weight, 14 

i^oundal, 14 
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Power, 73, 266 
Precession, 500 

-of the earth’s axis, 502 

Principal axes, 155, 157 

-moments of inertia, 157 

Product of inertia, 155 
Projectile, range of a, 286, 287 


R 

Radial and transverse accelerations, 245 

-velocities, 245 

Radius of gyration, 140 

Range of a projectile, 286, 287 

Rate of change of a rotating vector, 242 

Reaction, 17 

Redundant rod, 54 

Relative displacement, 6 

-velocities and accelerations, 24S 

-velocity, 7 

Resistance producing slow variation of 
satellite’s orbit, 391 
Resistances, fluid, 304 
Resolution of forces, 9 
Resultant, 3 

-of coplanar forces, 26, 52 

-moment of a vector at a point, 493 

-of momentum at a point, 494 

Rest, 2 

Retardation, 2 
Rigid body, 17, 401 

-——, eneigy equation of a, 426 

-, equations of motion of a, 406 

-, kinetic energy of a, 424, 510 

-, small oscillations of a. Chap. 

XXI 

-frameworks, 53 

-, stresses in, ^0, 62 

Rocking bodies, 455 
Rod, twisting of a, 177 
Rods, elastic, 170 
Rope, maximum span of a, 139 

-of uniform strength carrying a load, 

144 

-on a grooved pulley, 126 

Rotating plane, accelerations in a, 246 

-vector, rate of change of a, 242 

Rotation, instantaneous centre of, 110 ^ 


S 

Sag of a measuring chain or telegraph 
wire, ij4 

Satellite in a circular orbit, 291 
Satellite’s orbit slowly varying under 
resistance, 391 
Scalar quantity, 3 
Set, permanent, 165 
Shaift in loose bearings, 125, 126 


Shear stress, 163 
Shearing force, 164 

-—— in a rotating rod, 415 

Short beams, shearing of, 176 
Simple-harmonic motion, 267 
Simple pendulum, 315 

-, exact period of, 316 

Smooth body, 17 

Solid and hollow spheres rolling down 
inclined planes, 419 
Span. Maximum span 
Speed and velocity, 8, 240 
Spinning projectile, 505 
—~ top, 500, 504 
Spiral spring, 179 

-under non-axial tension, 180 

Statics, 1 

Stable and unstable equilibrium, 79 
Stability, conditions of, 79 

-in a circular orbit, 369 

-of rolling bodies, 84, 457 

Steadying a ship’s cabin, 508 
Strain, 164 
Stress, 163 

-, breaking, 165 

Stresses in a rigid frame, 56, 62 
-, initial, 57 

String or belt on a rough cylinder, 120 
Strings, elastic, 165 
Struts, theory of, 198 
Suspension, centre of, 444 


T 

Tangential and normal velocities and 
accelerations, 244 

Tangential-polar equations, 346, 5261 

527. 529, 530 

Tension, 17, 163 

-in a rotating hoop, 413, 421 

—^-rod, 415 

-in a string on a rough cylinder, 120 

—-on a smooth body, 97 

Terminal velocity, 304 
Three bodies, problem of, 394 
Thrust, 17, 163 
Tidal action on the earth, 422 
H op, spinning, 500, 504 
Trajectory, body in a flat, 314 
Transmissibility of force, 18 
Transverse loads on beams, 184 
Truck on an inclined plane, 16 
Tube of force, 228 
Twisting of a rod or prism, 177 


V 

Variation of a satellite’s orbit, 391, 393 
Vector, rate of change of a, 8, 242 
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Vectors, 2 

•-addition of, 4 

-, negative, 5 

-, subtraction of, 5 

Velocity, 2 

-and speed, 8, 240 

-, angular, 2 

-, constant, 8 

-due to a fall from infinity to earth’s 

surface, 277 

-, relative, 7 

Vertical circle, motion in a, 294 
Virtual work, 91 


W 

Weight, 14 

Work, analytical expression for, 71 

-, definition of, 68 

-done by a couple, 70 

-weights of particles, 73 

Work-function, 75 
Work, rate of doing, 72 
-, virtual, 91 

Y 

Young’s modulus, 165 
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